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U.S,S.N. 09/148,012 
Tiled: September 4, 1998 
AMENDMENT 

Remarks 

Amendments to the Claims 

Claim 10 has been cancelled as failing to limit the claim from which it depends and 
lacking proper antecedent basis. 
The Claimed Invention 

Applicant is the first to recognize that lipoprotein and/or cholesterol levels affects a 
female's ability to reproduce* Applicant is the first to recognize that SR-BI, by virtue of its role 
as the only known transporter of cholesterol, which is critical to steroid production, plays a major 
role in female reproduction by virtue of its role in steroid production, and can therefore be a basis 
to inhibit pregnancy and to treat disorders characterized by overproduction of steroids. 

Applicant demonstrated the critically of SR-BI, and its role on lipoprotein and 
cholesterol levels, using SR-BI knockout mice. The homozygous knockout females axe unable 
to carry a fetus to term. Heterozygotes are able to do so. These studies are described in the 
patent application as filed. 

The data presented in the specification clearly demonstrate that multiple compounds have 
been identified and are representative of widely disparate species, ranging from nucleic acid 
molecules encoding SR-BI to organic compounds for lowering cholesterol 

In example 5 y Applicant demonstrated that transient increases in SR-BI expression 
following administration of an adenoviral vector encoding SR-BI results in a decrease in 
cholesterol levels. In example 6> the Applicant demonstrated that SR-BI knockout animals 
exhibit the opposite phenotype; increased cholesterol levels (see Table 3). Data in example 7 
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U.S.S.N. 0^/148,012 
Filed: September^ 1998 
AMENDMENT 

further shows that these animals are also infertile. Antibody blocking studies have also showed 
similar results using antibodies to block cholesterol transport, resulting in lowered cholesterol 
levels, as described in Example 8, page 55. 

The reagents and methods provided in the present specification were used to 
subsequently show the restoration of fertility in an SR-B1 knockout mouse (or their transplanted 
oocytes) in the absence of ovarian and/or extraovarian SR-BI expression by manipulations that 
modify the structure, composition and/or abundance of their abnormal plasma lipoproteins. 
These manipulations centered around the administration of probucal, a cholesterol lowering drug 
(Mcittinen, et aU J- Clin. Invest. 108:1717-1722 (2001)). 

The application therefore teaches one skilled in the art that SR-BI is essential for normal 
female fertility; thai decreasing levels of SR-BI activity decreases cholesterol levels and alters 
lipoprotein levels; and that restoring SR-BI activity normalized cholesterol levels and lipoprotein 
profiles, with a concurrent increase in steroidogenesis and female fertility. The application 
further teaches that one can use any number of compounds to alter SR-BI levels: viral vectors to 
increase SR-BI expression; antibodies to block SR-BI activity and concurrent transport of 
cholesterol; and organic molecules identified by routine screening assays using SR-Bi binding 
and uptake studies. These compounds alter SR-BI activity either by increasing the amount of 
transport or by decreasing transport (for example, using viral vectors or antibodies). 

The present application, and its analysis of SR-BI knockout mice, ties together fertility 

1 

and cholesterol level. The direct correlation that exists between chokrstero I/HDL and the 
existence of SR-BI, lies at the core of the claimed method. Many compounds that already exist 
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U.&S.N. 09/148,012 
Filed: September 4, 1998 

AMENDMENT 

for regulating cholesterol levels can be used to inhibit fertility (Le. pregnancy) via the inhibition 
of SR-BI expression or activity. The compounds can also be used to treat disorders characterized 
by elevated steroidal levels. It would not require undue experimentation to identify these known 
compounds, the patients to be treated, or what constitutes an effective amount. Moreover, one 
skilled in the art would have no difficulty in identifying the scope of the claimed method in view 
of the specification, the examples, and the knowledge available to those skilled in the art. 
Rejection Under 35 U.S.C- § 112, writteo description 

Claims 1-10, 12, 15, 16 and 20-22 were rejected under 35 U.S.C § 1 12, first paragraph, 
as containing subject mutter which was not described in the specification in such a way as to 
reasonably convey to one skilled in the art that the inventor had possession of the claimed 
invention. 

The Legal Standard for Written Description 

"There is a strong presumption that an adequate written description of the claimed 
invention is present in the specification as filed". Wertheim, 541 F.2d at 262, 191 USPQ at 96 
(CCPA 1976). The written description requirement for a claimed genus may be satisfied through 
a sufficient description of a representative number of species by actual reduction to practice, 
reduction to drawings, or by disclosure of relevant identifying characteristics, Le. structure or 
other physical and/or chemical properties, by functional characteristics coupled with a known or 
a disclosed correlation between function and structure, or by a combination of such identifying 
characteristics, sufficient to show the Applicant was in possession of the claimed genus (see 
i)(C), above). See Eli Lilly, 1 19 R3d at 1568, 43 USPQ2d at 1406. 
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U.S.S.N. 09/148,012 
Filed: September 4, 1998 
AMENDMENT 

A "representative number of species" means that the species which are adequately 
described are representative of the entire genus. Thus when there is substantial variation within 
the genus, one must describe a sufficient variety of species to reflect the variation within the 
genus. On the other hand, there may be a situation where one species adequately supports a 
genus. See, e.g., Rasmwssen, 650 F.2d al 1 214, 21 1 USPQ at 326-27. 

In the patent context, not all functional descriptions of genetic materia] necessarily fail as 
a matter of law to meet the written description requirement; rather, the requirement may be 
satisfied if; in the knowledge of the art, the disclosed function is sufficiently correlated to a 
particular, known structure. (Amger? v. Hoechst Marion Rxnweti 314 F.3d 1313 Fcd.Cir. 2003). 
The Specification Complies with the Written Description Requirement 
The claimed invention is based on the clear cut description of the nexus between fertility, 
steroidal levels ami cholesterol levels. The specification is replete with support for this novel 
connection (sec, for example, page 7, lines 21-22; page 13, lines 14-15; page 49, lines 16-20; 
page 49, lines 21 -24 and Iixample 7). Because of this established connection, the applicant is 
claiming all compounds that alter lipoprotein, LDL, HDL, or cholesterol levels mediated by SR- 
Bl for the purpose of inhibiting pregnancy or decreasing production of steroids in a mammal. 
The examples in the specification clearly show that, for example, antibodies raised against a 
portion of the extracellular domain of the protein inhibit the selective uptake of HDL and 
delivery of HDL cholesterol to the steroidogenic pathway in cultured adrenal cells (Example 8, 
and in particular, Table 4, wherein anti-SR-BI inhibited the production of tritiated steroid derived 
from tritiated HDL). Adenoviral vectors encoding SR-BI (Example 5) are an additional example 
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U.S.S.N. 09/148,012 
Tiled; September 4, 1998 
AMENDMENT 

of a compound that has been shown to alter cholesterol levels (as will be discussed below in 
more detail as it relates to enablement). In each of Examples 3, 5 and 8, the applicant has 
reduced to practice a distinct compound for altering cholesterol levels. 

In Example 6, tte SR-BI gene was inactivated in embryonic stem cell by standard 
recombination methods (strategy shown in Example 3), Blastocysts were injected with the 
embryonic stem cells, producing 24 male chimeric mice. F1 offspring (from crosses between the 
chimeric mice and wild type females) were either homozygous or heterozygous at the SR-BI 
locus. Fl intercrosses generated F2 progeny, wherein the males were fertile and the homozygous 
females (-/- at the SR-BI locus) were unable to produce offspring (Example 7 further discusses 
the reproductive studies on these mice to make a determination regarding fertility). Example 6 
then discusses the resuhant elevated levels of plasma cholesterol in which the cholesterol and 
apolipoprotein profiles of the heterozygous mutants were similar to those of wild type controls, 
except that there was an increase in the amount of cholesterol in the HDL fractions. In the F2 
homozygous mutant animals (-/- at the SR-BI locus), the cholesterol was found in a large, 
.somewhat heterogeneous peak in the HDL range (via FPLC cholesterol analysis). In view of the 
foregoing results (as discussed in detail in Example 6), one of ordinary skill in the art will readily 
recognize, not only the direct correlation that exists between cboIestcroI/HDL and the existence 
of SR-BI, but also the many compounds thai already exist for regulating cholesterol levels. 
These compounds, well known for altering cholesterol levels, can be used to inhibit pregnancy or 
decrease steroidal overproduction via the modulation of SR-BI expression or activity. For 
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U.S.S.N. 09/143,012 
Filed: September 4, 1998 
AMENDMENT 

further support in this regard, the examiner's attention is again drawn to the attachments to the 
Amendment filed August 13, 2002. 

The legal standard for written description does NOT require that the applicant reduce to 
practice all of the claimed species that may fall within the claimed genus. In this regard, the 
Examiner's attention is not only drawn to the three widely disparate types of compounds 
discussed in the foregoing paragraph, but additionally, and respectfully, drawn to the section in 
the specification entitled: "L Inhibitors of SR-BI transport of cholesterol", and the section 
entitled: ^IL Methods of Regulation of SR-BI cholesterol transport to alter steroidogenesis". The 
description clearly conveys thaU in addition to the classes of compounds actually used to show 
reduction to practice, a number of other molecules were known and could be screened for utility 
in the claimed method. 

The test under 35 LLS.C. 112 was clearly articulated by the Court in Amgen Inc. v. 
Hocchst Marion Roussel. Inc. and Transkaryotic Therapies, Inc. 314 F.3d 1313, 65 USPQ 2d 
(I ; cd. Cir. 2003) as being different in the case where, as here, the reagents that could be used in a 
claimed method were known, and where one was claiming a novel class of compounds. The 
Court weighed heavily the fact that one was not claiming the class of compounds per se+ but the 
use of the compounds. A different degree of description is required where compounds are 
known and one only needs to provide the criteria for their selection and use - a degree clearly 
met by applicant. 
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U.S.S-N. 09/148,012 
Filed: September 4, 1998 
AMENDMENT 

Rejection Under 35 U.S.C* § 112, enablement 

Claims 1 - 1 0, 1 2 y 1 5, 1 6 and 20-22 were rejected under 35 U.S.C. § 1 1 2, first paragraph, 
as not being enabled for inhibiting pregnancy in any animal models other than SR-BI knockout 
female mice. 

The Legal Standard for Enablement 

The Court of Appeals for the Federal Circuit (CAFC) has described the legal standard for 
enablement under § 1 12, first paragraph, as whether one skilled in the art could make and use the 
claimed invention from the disclosures in the patent coupled with information known in the art 
without undue experimentation. See, e.g., Am&n v. Hoechsi Marion Roussell 3 14 F.3d 1313 
(Fed. Cir. 2003) and GeneniecK Inc. v. Novo NordiskA/S, 108 F3d at 165, 42 USPQ2d at 1004 
(quoting In re Wright* 999 F,2d 1557, 1561, 27 USPQ2d 1510, 1513 (Fed, Cir. 1993). Sec also 
In re Fisher, 427 F.2d at 839, 166 USPQ at 24; United States v. Tetectromcs, Inc., 857 F.2d 778 
(Fed. Cir. 1988); and In re Stephens, 529 F.2d 1343 (CCPA 1976). The fact that 
experimentation may be complex does not necessarily make it undue, if the art typically engages 
m such experimentation. M.LT. v. A.B. Fort la, 774 R2d II 04 (Fed. Cir. 1985). In addition, as 
affirmed by the Court in Spectra-Physics* Inc. v. Coherent, Inc^ 827 F.2d 1524 (Fed. Cir. 1987), 
a patent need not teach, and preferably omitss what is well known in the art. 

Whether the disclosure is enabling is a legal conclusion based upon several underlying 
factual inquiries. See In re Wands, 858 R2d 731, 735, 736-737, 8 USPQ2d 1400, 1402, 1404 
(Fed. Cir, 1988). As set forth in Wands, the factors to be considered in determining whether a 
claimed invention is enabled throughout its scope without undue experimentation include the 
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U.S.S.N. 09/148,0] 2 
Filed: September 4, 1998 

AMENDMENT 

quantity of experimentation necessary, the amount of direction or guidance presented, the 
presence or absence of working examples, the nature of the invention, the state of the prior art, 
the relative skill of those in the art, the predictability or unpredictability of the art, and the 
breadth of the claims. In cases that involve unpredictable factors, "the scope of the enablement 
obviously varies inversely with the degree of unpredictability of the factors in volved." In re 
Fishes 427 F2d 833, 839, 166 USPQ 18, 24 (CCPA 1970). The feet that some experimentation 
is necessary does not preclude enablement; what is required is that the amount of 
experimentation * must not be unduly extensive** In re Atlas Powder Co. v v. EJ. DuPom De 
Nemours & Co. , 750 F.2d 1569, 1576, 224 USPQ 409, 413 (Fed. Cir.1984), 

As noted in Ex parte Jackson^ the test is not merely quantitative, since a considerable 
amount of experiment is permissible, if it is merely routine, or if the specification in question 
provides a reasonable amount of guidance with respect to the direction in which the 
experimentation should proceed to enable the determination of how to practice a desired 
embodiment of the invention claimed. See Ex parte Jackson, 2 1 7 USPQ 804, 807 (PTO B& App. 
1 982). The adequacy of a specification's description is not necessarily defeated by the need for 
some experimentation to determine the properties of a claimed product. Sec Enzo Biochem, Inc. 
v. Gen-Probe Inc., 323 F3d 956, 965^966 63 USPQ2d 1609, 1614 (Fed. Cir. 2002). There is no 
requirement for examples. 
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U.&S.N. 09/143,012 
Filed: September 4, 199$ 
AMENDMENT 

The Specification Complies with the Enablement Requirement 

As discussed above, the claims are based on the discovery of the nexus between fertility, 
steroidal levels, and cholesterol levels (see, for example, page 7, lines 21-22; page 13, Hues 14- 
15; page 49, lines 16-20; page 49, lines 21-24 and Example 7). Because of this established 
connection, the applicant is claiming all compounds that alter lipoprotein, LDU HDL, or 
cholesterol levels mediated by SR-BI for the purpo.se of inhibiting pregnancy or decreasing 
production of steroids in an individual having a steroidal overproduction disorder. One can 
readily identify patients to be treated. It should be noted that the class of patients does not 
overlap with the normal class of patients treated with drugs altering cholesterol and/or 
lipoprotein levels- Most of these individuals arc older - in the case of women, cholesterol does 
not typically increase until after menopause. 

llie examples have been discussed above. The paper showing restoration of fertility by 
administration of a cholesterol lowering drug, probucal, also discussed above, provides further 
support for the claimed method. The mere feet that this data was obtained alter the filing date of 
the application makes the data no less relevant for demonstrating enablement which is asserted in 
the application, where the paper uses methods and materials known and readily available at the 
time the application was filed. The role of SR-BI in fertility is clearly established by the 
examples in the specification, whether it is to be restored in the case of knockout animals with 
insufficient SR-BI, or inhibited in the case of administering inhibitors of SR-BL The role of SR- 
BI in cholesteryl transport was known (see, page 10, lines 19-21), 
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Filed; September 4, 199$ 
AMENDMENT 

Because HDL is the only lipoprotein present in substantial amounts in the follicular fluid 
surrounding the developing oocyte in humans, based on the data in the examples, it is expected 
that changes in HDL and/or SR-B1 in humans may disturb oocyte maturation or function, and 
thus contribute to infertility. The present application, and its analysis of SR-BI knockout mice* 
ties together fertility and cholesterol level. The direct correlation that exists between 
cholesterol/HDL and the existence of SR-BI, lies at the core of the claimed method. Many 
compounds that already exist for regulating cholesterol levels can be used to inhibit pregnancy, 
or decrease steroidal production via, for example, the modulation of SR-BI expression or 
activity. It would not require undue experimentation to identify these compounds, the patients to 
be treated, or what constitutes an effective amount. Moreover, one skilled in the art would have 
no difficulty in identifying the scope of the claimed method in view of the specification, the 
examples, and the knowledge available to those skilled in the art* 

The following enclosed articles establish that mouse models are accepted models for 
human gonadotropin signaling pathologies, and thus that the data applicant has provided with 
respect to the transgenic mice would be expected to be predictive of results in humans. 

Burns and Matzuk* ^Minireview: Genetic Models for the study of Gonadotropin Actions" 
Endocrinology 143(8):2823-2835 (2002) 

Matzuk and Lomb, "Genetic dissection of mammalian fertility pathways" Nature Cell 
Biology & Nature Medicine Fertility Supplement (2002) online table 

The applicant respectfully asserts that one of skill in the art would understand from the 
specification which compounds to use, and how to derive appropriate doses with minimal routine 
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tLS.S.N. 09/148.012 
Filed: September 4, 1998 
AMENDMENT 

experimentation to practice the claimed method and inhibit fertility or treat a disorder 
characterized by excessive steroidal production. 

For the foregoing reasons. Applicant submits that the claims 1-10, 12, 15, 16, and 19-22 
are patentable. 



Date: January 1 7, 2006 
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Minireview: Genetic Models for the Study of 
Gonadotropin Actions 

KATIILKKN II. BURNS and MARTIN M. MATZUK 

Department nf Pathology (k'.H.li., M.M.M.h DcfHirUnuiU of Molecular ami Human Genetics (K.U.B., M.M.MJ, and 
Department of Muh-eulur nruf Caffular fiio/^y (M.M.MJ. Baylor College of 'Ma/icinr, tfot/ston. 'Aixkk 77030 



Pfti'tilily in hoth tu'xo* fcliuw on complex physiological und 
im^U^Hilur procossON with many luvi'U of regulation, and our 
ability to altar the* m;*rnmuliun ^.nomo u*n>>tf transonic toch- 
nolo&v Una jp-ftntly crihiincod our uitdor*tundintf of thono pro- 
cckkch. There arc numowiw t'.Amvnomditica in hum^n unci 
mouHP physiology, unci the list ofmouKV model* recapitulating 
r<tctt£ni'/.vd und idiopathic human reproductive defects in 
growing nC an evor-m<?reA*ing rato. In this review, wo focuH on 
genetic model** of jjom^du tropin action.**, sumiri nrudng fen* 
lurw of transgenic mice that phenocopy defects in gonado- 
tropin production und tfonadotropia rvueptor rcnponftcv* neen 
in patient*. In addition, wo provide example** of mou.<te models 
with (jwifttio alteration** influencing pituitary FSH And LII 



"Whentivr ntmt annex itp with n better wvusctntp, nature immc- 
tlitffvht eotttes tt)i with n fatter mouse." James Carswoll 

Mouse Modols und Human Gonadotropin Signaling 
Pathologies 

Tl Ui I lYP(yrHALAMJC-lMTUITAKV-CONADAL(l IPC) 
iixis is fundamental to the endocrine control of g» me- 
tagenesis in nummjls, and becaiuo of lis long- recognize 
physiological importance, many human mutations disrupt- 
ing the normal function of the axis have already b«\*n char- 
acterized, and several relevant inuuse models have been 
engineered. "Hie pituitary gonadotropins, i*ill and LH, are 
control lo this endocrine communication. HSH and LII arc 
hctcrodimeric glycoproteins each comprised of a common 
«-subunit and a unique p-*uhunii; functional dimcrs ace 
synthesized and secreted into the circulation in response to 
hypothalamic CnRH. The human common a-, FSI Ip-, and 
I J ifi sul ninitN arc glycosylated 92-, 111-, and 121-aminoacid 
peptides, respectively (I). I ; SII and l.H «:hVrt intracellular 
signaling pathways by binding to their respective G protcin- 
coo] »lod transmembrane receptors, I ! Sl 1 receptor (FSH K) and 
Ml receptor (MIR), in somatic gonadal cells to regulate fol- 



Ahhivviations: Ail KM, A^tivhi nveptoc type II; tXl, ohorinnk* yo- 
n.HiiiUnpin; DAX-1, i J o>,w .sensitive sex-ivvers.ikidrtnal hV|Hiphiwa. 
roi^;ini| t il mtii-jl riy/tun no the X ehromo?*vnc 1, urno I; \%r, early 
j»ruwlh rivijntuse; MK t L'.'.lro^en receplor; l-*Sf-IK, J : SI I nHvplor; C IMR, ("1 J 
ivii'j>l4nj t U\\i\ IK, ( ;nUI t receptor; hi '( hurintri CC; I II IC \, hyjx^onii- 
cloiropir hype^on.icli.MM; liypo(Ji.tJ,imie piiuit.ii •v->»oiWil«l; hihn, 

inUihin tr; hi /, /i-j« t .il.»ctu?iiilaw; 1. 1 IK, J.I I rtveplor; MM i'V. imnit^ m.ini- 
nurv Unnur virus; O'lTll, ortlunlenLii lt* hninolo); 1; I'iil, plluitiiry- 
spr* ilu hoaSLTlpliim r.ietor I; I'tHMl'l, ]'( >U dim mm. el.iKS I, (riiiiNcrip- 
Mon f.tctiir t; rKI., prt^.u tin; I»rt»pl, p.iircj like ImmwHtonwin fiitlor I. 
pieplu-t ui Pi 1 1; 1, sleroidci^enk' f.wh^r- 1 ; ,S>r/, jicn delerminiii^ region 
<il" \ hroiiuiM>riH' V; Wl'-I, Wilms tumor I. 



production and thoir cff<!ct«. Thcw include: I) tnuuftfonic 
mice with ahorrationH in Htomid hormone, inhibm, and a<:- 
livin food hack path way«; 2) kooekoul» that domonwtrato «pc- 
cific in vttm f unctions <tf pUoitAry transcription factors; and 8) 
models with ultorution*j in other pituitary hormonoN, l<;F-l v 
and leptin «i^nalinjj pathways, which affect both the contra! 
and peripheral endocrine axiu, What we have to I corn from 
these und other modeLs will contmue lo rovino oor concoptions 
of phywiolojcy, identify now targets for contraception, and iwi- 
prove our tools for understanding, dingnoMng, and treating 
cases of hiunun ondocrinoputhicfl and patholo^ion of the re- 
productive tirouoft, (KndocriJiolnffy 143; 2823-28,^5, 2002) 



licular development, ovulation, and steroidogenesis in fe- 
males, and spermatogenesis, testicular growth, antl steroi- 
dogenesis in males (2 y :\). The human HSMIiand LI IR proteins 
iire 6^5- and 701-amino acid glycoproteins, respectively, 
Loss-of-function and gain -of- function human mutations in 
components of the HI*C axis have been descrirxxl previously 
C4- o), and examples are given in Table. I and illustrated in 
Fig. 1. 

The pulsatiJe secretion of i ; Sl I and LI- J is regulated by the 
denrapeptide CnKi I, also referred to as LMKI 1. 1 lypothafam it- 
production of CnKi I and signaling through pituitary Cnl<! 1 
receptor (CNIRMk; a 328-amino acid C prolein-coupiod re- 
coptor) appear essential to maintaining serum goitodotro- 
pins^and ultimately fertility in mammals. Mutations in genes 
mediating the developmental migration of CnRl I- releasing 
neurons (as seen in the KAf, gone causing Kallman's syn- 
drome), or aspects of GnRK processing (ns seen in mutal ions 
in the PCI protein procivwiog enzyme) lead to hypogona- 
dotropic hypogonadism <HHG) (7, 8), I fowever, to date v no 
defined ioss-of- function mutations in the CnliJ I gene itself 
have been described in patients with in iC (9). Mutations in 
the CnRHK gene nrsnlting in CnRH resistance have Ixhmi 
described in HI IC patients who arc homozygous or com- 
pound heterozygous for missense muLa(ion» (6). In vitro 
studios of these mutant GnRHR priniuets indicate that they 
are hypomorphic mutations that cause deficiencies* in CnRH 
binding or intracellular signal initiation. Clinically, a major- 
ity of these patients respond lo administration of exogenous 
CnRH ireulmont, and in one reported case, pulsatile provi- 
sion of CnRH was able to induce ovulation and res ton* a 
won urn's fertility (10). 

In contrast to humans, in which wo CnRH mutation has 
been identified, a naturally occurring 33,5-kb deletion trun- 
cating the Gnrh gene in mice (1 1) results in a model of he- 
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No OltF mutation* or oVlrtion.s arc reported, ul though iloltrtions .it 
the Until) Irxrus l\iiv<% l*<ert described itt patient* with ITITf: 

I fypomorphic ollotoM; mutes present with III TO, low norum 
Uistosit;i*one t Ueluyo*! pul>erty und olij^wpfiirmiii; IfemaJus have 
primary iumnioiThca, low Konmi PHtrofleirift, 1 1 and 1*11 

No uuli vuli ii£ mutation a duKmhurJ 

No Iiuniun mutationi* reported; pnnlicUid to result in embryonic 

lethality brcmiMt t\\a ir-tiulhinit i* uLso sliuivd with hCCl in hummi* 

IxiKK-iif-fLinrtion mutations; nudes present with primnry 
ntrtnnorrhiui and infertility; jikiIoh wilh nzooHpurmio, low 
tiwUtttci'onu arid liitfh wirum Ml 

l/ms of function mutation described in a homo/.y^otui, inJcrtile m:de 
wilh luw scrum tctilovlornrui, no J<ftydig vrtlls ujuI high loveU of 
immuiiorcuclivt: IAI 

I/osN-of-funrtiun mutation; females Iijivo ti defect in follicular 

maturation; i»:iIoh h;Wft rirtureasod testes volume; and oli^oRpcriiua 

Activating mutation dwcriUttf in a hemiicytfuuH. hypophcsi^tomiwd 
hut fortiK: inali! 

llyiMitnorphn: allele; micropenis 

Mori? j*irvere lusw-of-function mutation; XY individuals develop female 
external penitolin. mti'Mibdomiruil tutU** with no Leydig ruNn; XX 
individuals pmmmt with .miennrrheil 

Activating mutation cmirfin*; autuHunml demiiiunt familial male 
prococjouri poho.rly; no female phcxiotyiM* 



U«/i*nttnt; 
~9 



6 



mo 

25. Ml 
M'2 



!43 

144. MS 
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reditary hypogonadism {///>'<), which phenocopies the HHC) 
of patients with defects in OnKM production or responsive- 
nosy. 1 lypogonadism is also n feature of a knockout mouse 
model harboring a null allele at the glycoprotein hormone 
common ocsubunit locus; besides reproductive defects, the 
knockout mouse is hypothyroid ;u»d displays proportion ol 
dwarfism owing to loss ofTSH function (12). These and other 
relevant mouse models with reproductive phenotypes are 
shown in Table 2. No mutations altering the amino acid 
sequence of ihr common or-su burnt have bt*cn di^scfibed in 
Uunians. It has been hypothesized that a deleterious muta- 
tion in the human or-suhunii e T cne iCLYCA) would result in 
embryonic lethality becaiwe in humany (arul not in mirx») the 
(c-subunit is also shared with human chorionic j>oruidotropii» 
(hCX;) (d). kmbryo-dciived hCXJ maintains vivarian luteal 
cells, and is thereby required for pregnancy during the first 
trimester. Substantiating this, the most highly expressed 
hCX"/S-subtmi|-enc<>dif>g genes are highly conserved, with no 
ijidividuals homozygous for a deletion of the 1X10 cluster 

kecently, a second CnRH peptide (CJuKI J II) (M) and its 
reeeplor (lypc H CinKl IK) (If?) hiive iHvii d'esenbeti in several 
specii*s, including bunuins. CinRff J (pGlu-l-liii-'l'rfvSer-Tyr- 
t;iy-Leu-Arg Pro-<.:iy-NII : ,) and CnRU II (pClu-1 lis-Tcp- 
Ser-I (is-Gly-Trp-'l yi Pro C lly-Ni | :J ) differ by three amino ac- 
ids, iheir affinities for the two described C.i protein CmKlI 
receptors, and their tissues of expression and potential ac- 
tion. Human CJnRM II is impressed in several regions of llu- 
brain, including the amygdala, caudate nucleus, hippocam- 
pus and thalamus, as well as outside the central nervous 
system in the kidney, bone; marrow, prostate, endometrium, 
and ovary (14, U», 17). Type II CnRHR Ls expressed ubiqui- 



tously und is down-regulated in multiple rumor cell lines, 
which has led to the suggestion that it may be involved in 
inhibiting eel] proliferation and prompting differentiation 
programs (15); indeed, in vitro experiments indicate that 
CinKI I II has antiproliferative effects on ovarian carcinoma 
cells (18). Functional characterisations of CnRH II and its 
receptor in vivo have not yet K-en reported, and the roles of 
CnRH 11 signaling, if any, in gonadotropin physiology re- 
main unknown 

Loss of FSH signaling anises infertility in women (1°), and 
this condition can bo. modeled by disrupting cither the KSl 1ft 
(! : .<h(>) or Fshr i<x:i in mice Women who arc homozygous or 
compound heterozygous for inactivating ligand (frameshift/ 
truncation anil missense) or receptor (missense) mutations 
evhibit normal preaniral follicle development, but no antral* 
stage follicles capable of ovulation form. These women typ- 
ically present clinically as cases of primary amenorrhea and 
sexual infantilism, both r.-:/rfr and b'n/tr knockouts in mice 
phenocopy the human mutation* In this regard, displaying 
remaie infertility, uterine hypoplasia, and folliculogencsis 
blocks before antrum formation (20-22). Although estradiol 
is present in the serum of these mice, the mRNAs encoding 
P4S0 side chain cleavage and P450 aromatase estrogenic en- 
zymes are markedly down-regulaied in the ovaries of h'$hl> 
knockout mice (23). Hoth /•'•</;/> and fshr knockout females also 
exhibit high levels of circulating LI I (20-22). In both models, 
this is a progressive effect, wilh less U I seen in younger mice 
than in older mice. It is believed thai I.H and Lll-mduced 
androgen synthesis in the Hafir model contribute to the de- 
velopment of ovarian sex-cord stromal tumors, which are 
seen in 92% of these mice by 12 months of age. In these 
tumors, there is loss of granulosa cell proliferation control 
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Km;. 1. The III*<i endocrine uxi* is i\- 
lu:-tr;(UuI with srvcr:d k«\y component** 
of lhf» >*i^tirt1in*«; rohiy. Within th« co^- 
Lrul portion of thi* ax if:, iJjft acliopM of 
hypo1.huJ;imic <JnKH imidhtU' the pro- 
duction t>t" the anterior pituitary hoi* 
e-r<Mli merit* gonadotropins. KSI1 and 
Lll. Th<::*- bind to KSIIK :tml [J IK in 
the poriphai'y to raf'ulntn i;nmftt(^ftiu! 
hih and Htcrntriowtnfttti^. At (toco to vol of 
ihn mutation* i<> huniiirt gwM-s arc 
known ti> «aukc dtloi-ly in Lhr ilovriup- 
mnnt "r in net ion oi" the nip rtKhiu live 
sy?;lt:ni; examples art; livtod on ih«! 
ritihf. 
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programs, accompanied by an up- regulation of Sertoli cell 
markers, MOlUriaivlnhibiling substance, audGATA-4 tran- 
script ion faelor (24). In men, I Si I/.! and J -SI JR imitations have 
been associated with variable derives of impairment of sper- 
matogenesis and sometimes with delayed puberty (4). 1 low- 
ever, men with iSUR null mu ta lions can father children (25), 
Fn//p and /'s//r knockout male mouse models ore fertile but 
have lowered sperm counts and decreased testicular .size. 
Therefore, it seems (hat I r i>H activity, while necessary for 
op it ma I .sexual development and spermatogenesis, is dis- 
pensable for male, but not female, fertility in both humans 
and mice, 

A transgenic mouse model ovrrex pricing high levels of 
hu man FSI I has also been developed (26), The transgenic 
moles demonstrate stimulated Ley disced function, elevated 
serum testosterone, and infertility; femaltts inhibit infertility 
with hemorrhagic and cystic ovaries, These mice may prove 
valuable in modeling gonadal and more global physiological 
effects of h'iill hyporslimulalion. Consistent with the high 
conservation of h'Sl Ifl genes in mice and humans, synthesis 



of human ISl 1/3 under its own promoter in the gonad o tropes 
of mice locking the endogenous FSHfi-subiinit restores nor^ 
ma! fertility in male ajid tenia lo mice (27). Moreover, partial 
rescue of lhr knockout phenotypo was ol>servcd in mice 
ectopieally expressing human FSI I (human #r- and l-'SI 10- 
su bun its) under the direction of the mouse metallolhionein-l 
promoter (27). Together, these studies demonstrate fune- 
lioiiol conservation between mouse and human FSH/i pro- 
moler elements, as well as between the two b"SJ 10 peptides 
in terms of their abilities to assume gly cosy Union patterns, 
dimeriiw with the mouse or-subunit, route to secretory gran- 
ules independent of LU, and bind and activate the mouse 
FSHR. 

Loss of isolated Lf I signaling function can arise- from de- 
feds in the unique l.H/i<«uhunit or L] IK. One loss-of- 
f unction missense mutation in tin: hormone subunil was 
identified in an infertile man presenting with low testoster- 
one levels. Ley dig coll hypoplasia, and elevated imrmmore- 
nciive but functionally ineffective LH (28). Several I.MR mu- 
tations have been discovered to cause defects in receptor 
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TABLE 2. Solect-ed wiwtic mouse models with reproductive axis pheuotypefl 
A. Mode 1h of nverex predion and ectopic expression 



("tiitati'ttL'l 



Reproductive phenoty-K* 



ItiHitrc.nia*^ 

Males with high itxpr^Msifm in teste* are infertile; seminiferous tubule* &how 146 

pa tcl ty I usio n& a n d vacuole^ 

XY mice with a weak Sty allele develop «u* females WO 

Pituitary gonadotropic lout; mice arc bypotfonudnl K4 

Infertility in hnlh *exutt with hyperxti mutation of gonadal £tewido£enei;iH iu 2i> 

main* and lmmnrrhngic and cystic ovnries in females 

I Votf revive infertility in butll 4itxtw; nude* have somatic ceil and germ cell 71) 

du facta; feniaKvN have folliculogencsU defocta 

Compromised reproduction in both sexes H7 

(li!iK!H are transcribed in tho mouse placenta, cerebral cortex, pituitary, and HS 
adrenal glands 

l'Vmales hnvu accelerated puberty nnd late-onset hypothalami*.: hypogonadism 149 

I'Vmnli' rn Infertility; low nrr»m levels of KSII and Ml (>4 

FouiiJcM have, a block in Iblliculo^cneMis at the curly antral stage; males have ISO 
dwrouwd testis size 

Kciunle infertility, |x;lycy.stic ovaries, frrnnulosa/thcca cell tumom IV.i 

Cryptorchidism and LoydiR hyperplasia or tumor development in mates r>4» , r M> 

(.in KM neurtniM do not mi^rale appropriately; m *w anJ byj>uf»ouudal 15 1 

Gun tidal tumors und prtitfreasivc decreases in ^onndoUopinH 152 



mMT promoU*/* and oclivin/inhihin f)A 

T>;txl overexprcsNcr (Pax regulatory 
region) 

Ho vine ■jlycoprotoiu honmnie-ff 
promoter and diphtheria toxin 
coding sequence 

mMT- 1 promoter and human l'*Sll tv.f.i 
suhnnil.N 

mMT I promoter and Inllistutin (AVt) 

coding "sequence 
(111 ovcrexprcsHor.s ^multiple 

constructs studied) 
Oosmtd trnnsKuno containing the 

hum art ('Cp* cluster 
l.ivtfr promoter and leptin coding 

*ttr<p't*'U:r ixklii/i y mU:i!> 

mMT I promote'* nnd mt inhihin tv 

Mifepfisone inducible transput a: 

ovrrexprcwinc; inhibit) A from liver 
Huviuc ^lycoptoLein ■ < piuniotcr and 

bhll/l-hl'ti fusion 
l'450 arouiatase (Cyp/ih 

i)Vcr{-x|>iVMi[ii-i (human uhimjitin <! 

and MM TV promoter*) 
Human (miKII promoter arid SV4<) T 

antigen setjuence 
Inlubiu <r subunit ]>rotni)tcr mid SV40 

T antigen sc<iui!net: 



li. luaxrkout modulH uud naturally occurring losM-of-fn action iTiuLatioiui 



l^.prmhMaiw- phr.nal.yfH* On hnnu>*yj;otCtf unlcw ^p•^ciftcrt^ 



Aelivirt recrptor-typo HA \J\uor2) 
Activin/uihibui /JB subunit ihihbb) 
Uaxl (DSiS-AI iC n!«i«n on tho 

human X> 
I'JlTrl tN(«Kl-A iran^u'riptitm lanLor) 
Karly j^i-owtK fospnnsr* A (/Vi>,"/> 
K-Ntr'^mi ft^'pLor tt (KK/r) {fort) 



Kit Ij'o^en rcvepU/r \* ( K R/# 'M A? «r2 ) 
KSII ;;.;;ubuiiit iFshb) 

KSI I receptor (b'nhr) 

y-(«hitain.y) Iranspi'ptidusn <C^rp) 

Glycoprotein ho r mono fF-subuuit 
GnKIi (Curb) 
0\i rewpLor iChr) 

Inhihin ft (infto I 
U3K I (//,//) 

UiWe Uimor sapriressor (Lalnt) 

I^'pl in iLi:f>) 

Lfplin tevrplor iU'/>r\ 

MI Keceptor tfJuw) 

Nrturunal ilclix-L»N>p-H«lix 2 (Nhlhl>) 
Neuronal inNulilk ntce]>tor 



Kofl'ltfkCfS 



Infertility in fernahis and d<;laynd fertility in mnlf»i; small gonadfl 7ft 
Poniidos are tftd)fertilo and liltors variably do not fliirvlvc ptisLnutnUy 73 
Males an* infertile* with ppoj^ssivt* di'j^nnrntion of'tho >^rminrtl epithelium 153 

Kemale infertility; I.H deficiency tM, i)J> 

Infertility in males; must t'Crm COlk und< rgo apupto^iy ilurin^ pachytene' sta^e f J*> 
Female:* are infejtile with heiuorrlla^k* ovarian cysts anil uterine deftjets and 40, ^17 

hi^h circulating LI I; malev develop disruptions of the srmtniforoufl epithe- 
lium 

I^tiuales an* nubfertile; niulnn an» fertilr. but develop prostate, hyperplasia 154 
i<Vmale infertility; preantrnJ block in fellienlo;;*inesi«; males fertile witll tie- 20 
creased testis size 

female interttlity; block in fol lieu Intern; si* prior to antral foriUatioji 21 
Hoth in;tles and females are hypo^nnadnJ an<l infertile; phcnulypv coj nicted by 12,'( 

iWdin/ 1 ; mic-e yV aeetyleyftteinc 
Males and females are infertilo; hypogonadal tlue to KSII and hll <lelkiency VI 
tiHg mice of both .-VXO-si show hypugoundotropic hyp^onad i«m and infertility 11 
KnmalAr; nbow dolaynd ntdM-rty and proloni;c<l pm^nancy; males hnve low KSH 1 14, Ififi 

and U;sto>teroae 

Komah: infertility; imde secondary infertility; jfraniilnfln/ftartoli tumors 60 
Kenialeb an* hypo^onadul and inl'ei tite; unpaired antral follicle Ibrmatioii; 1 1!) 

males are infertile! with low testosterone 
Knockout mice develop tumors; pituitary hyi'kerphi.sia with dccreasixl LI I, PRI^ ir>0 

and CI I IovoIh 

on/uo mice are olwse and infertile with by jwgonudo tropic hypo#madism in 124, 125 

both sexerf 

ftb/tlh ar<» obese and infertile with hypo^onadotropic hyiw^onuduim In both 12t> 
sexes 

Uader*dnv»jl(»rHid kox or-jans and iall-itility in both males and females; spermut- 29, 1G7 
o/;enesis arrested ot round Spermatid slufjc; fulliculoKenosis bbick pri<ir to 
antral stnne 

Males are infertile and hypogortadal; f<:iu;des urn fertile whnn reare.il wi(4i lftfi 
males 

Mice exhibit hypt»lhnl:imic hypu^onadi^ui; imptiired Hpormatn>;ener.ifi nnd folli- l5t> 
cle maturation 
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1'ivpubracunt dwiu'lKsm and hypogonadism; pm^m^jvc rounvftfY ol - 

.■ipcrni:ilo^on«!sift, fulliculnr davithtpinent. and fertility 
Kematew wrv. iufcrtih;; ovarian Ho a<>t form OL; mico pn>^roHHivt:l> dcvolnp 

UypurRnn.'idt»ir»jjittui and (ywti'c «v:irio«: mttlus dcvolop progressive infertility 

with di*f<?c1-tt in spermatogones is 
SncJl dwarf* mice havti multiple utiun-inr pituitary hormone dcfuihitKne* mid 

hy|x>i;<»4udUiu 
Famrtlitt iirc inforlilt* with irrugulnr i*4rus cycln* 

Mnkw infertile; fortioU-s infrrtilo rohuvd lo compromised ovu latum, fcrtilixatiott 

And pmimpl.inlitlioTi duvoIopiYivnl 
Am<\s dwarf mira have multiple Ulterior pituitary hormone d^ri^itmcum <md 

liypuftonnriifin-i 
Guuadul and adrenal n^ouoHiK in both Hoxut; 

hyt mict; nr<: hypothyroid; fcmjita* yhow cnntinuuuK dioentru.s, and poor 

rospoiiKt! to goiindntropiiv induced Mupiwuvuhition 
Doie.ctH iii tatruBcn hiriKynMicsfc in malt* and female*; okvulcd «orum 

^orindotYopiim 
Kmhiyoiuc Jethnlit.y with gonadal fineness i» 
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activity of variable severity. I'henotypes range from micro 
penis and hypospadias in the cose or* hypomorphic alleles to 
male pseudohermaphroditism and rcmale infertility associ- 
a led with a barrier to preovulatory follicle development, 
ovulation, and lutein Nation (4). These conditions are par- 
tially modeled by targeted deletion of the U/r locus in mice; 
homozygous demonstrate normal pre.nauil .sexual develop- 
ment but an- infertile (29). Male Lin knockouts have defect 
in testicular growth and descent, l-cydigcetl hypoplasia, and 
a block i/i spermatogenesis at the round spermatid stage. 
Female knockouts have underdeveloped ovaries and uteri, 
and their ovaries do not contain preovulatory stage follicles 
or corpora hi tea; thus, the \hr knockout in female mict 4 very 
closely models the pathology of women with I.K resistance. 
It is notable that hy$ (CinKI f muianl) male mice closely phc- 
noenpy the Uir mutant male mice, whereas the female 
phenolype mimics that of l : shb and I'shr knockout*; at early 
timepoints (- -.b wk of ago) but reflects a combined I'SI I/I J I 
signaling defect at later points. This observation is consistent 
wiih studies showing that androgen administration to ///y 
male mice can restore spermatogenesis (30). Interestingly, 
the androgens produced by l^eydig cells in response lo LH 
may not be a* crucial Aspermatogenesis as estrogens that are 
then synthesized front androgen substrates. Provision of ex- 
ogenous estradiol to /^y males increases testis weight and 
rescues qualitatively iu>nnal spcMTnaiogeuesis in the abs<*nce 
of measurable androgens (31). 

Cain-of -function imitations of LI IK have l*:en described in 
families with autosomal dominant male precocious puberty 
(32). Although nt.) mouse models phenocopy this disorder, 
transgenics have been engin^iretl to overexpress (he bovine 
Ul/i-subunit with a Oterminal extension of the hCG/J- 
subunil (bLI IjK-C/TP); there is a prolonged serum (rall-lifeof 
the chimeric \A1 hormone (33). Thrse in vhv studies corrob- 
orate findings of Boime and colleagues (34, 35), who d<*m- 
i>nslmte that the presence of the hCXI/i C terminus of several 
of the glycoprotein hormone 0-subnnirs (c.y. hCCfi, I'Sl ijCJ) 
extejuls the circulating half- life. Interestingly, female bf.H/J- 
O I' transgenics have a It)- fold increase in circulating im- 
inunoreaclive 1. 1 1 and e\hibit impaired ovulation, a pro- 
longed luteal phase, ovarian cysts, and granulosa /thiva cell 



tumors on some genetic backgrounds (36). In addition, in 
immature transgenic females, enhanced LI I and steroid hor- 
mones cause precocious follicular development and vaginal 
opening (37). Sludies of these transgenic mice may shed light 
on the roles of T.H in polycystic ovarian .syndrome and the 
development of postmenopausal ovarian stromal tumors, as 
well as identify genetic modifiers of these phenotypes (36). 

Mouisc Models or Aberrant Steroid Hormone 
Feedback to the Pituitary 

Gonadotropins promote peripheral steroid production by 
inducing the expression of gonadal steroidogenic enzymes; 
steroid hormones then produced feedback lo negatively reg- 
ulate pituitary FSI I and LI 1 production (J, 3S, ;*"). This par- 
adigm is supported by studies of mouse models with alter 
ations in steroid hormone receptors or steroid biosynthesis 
that develop secondary anomalies in gonadotropin produc- 
tion. Pot example, knockout mice lacking an estrogen recep- 
tor, H\<(v, which i<t normally expressed in the hypothalamus, 
pituitary and gonads, exhibit female infertility associated 
with anovulation and the development of hemorrhagic, 
polycystic ovaries by 20-22 d of age ('K>, 41). The disruption 
to estrogen feedback signaling results in overt? x piession of 
gonadotropin snbunit mRNAs in the pituitary (42) and 
chronically elevated serum U I (43). t ligh levels of circulating 
LI I are key to the ovarian pathogenesis in the F.R« knockout 
mice, and treatment with a C>'nKH antagonist precludes ovar 
inn cyst formation (44). In contrast, female mice lacking KRp, 
which has a relatively restricted pattern of expression, are 
fertile, and preliminary studies indicate that there is no 
change in serum I.H (45). ERfi signaling plays some role, 
however, in the regulation of the hypothalamic-pituilary- 
gonada I endocrine axis, at least in the absence of F-Rtv activity. 
Double knockout females lacking f-;Ko and HR/J have higher 
serum LH levels that do IvK<r single knockouts, and exhibit 
a d i f feren t ova ri a n phen o ty pe i n w h ich gra n u I osa eel I s take 
on a Sertoli cell-like morphology and express Sertoli cell 
markers, MiilJerian-inhibitiug substance, sulfated glycopro- 
tein-;*, and Spx.9 (46), 

Male b!R<r knockout mice arc infertile because of a dis- 
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ruplion of fluid rcabsorption from the lumen of the epidid- 
ymis^ which is important for concvniralion and maturation 
of spennato/.oa; increased pressure from the a ce urnu In tion of 
I lu id leads to testicular atrophy and degeneration of the 
seminiferous epithelium in mature males (47). This pheno- 
lype does not have an obvious relationship to the only clin- 
ical case or an L1R mutation, that of a ma a wiih estrogen 
resistance caused by a homozygous nonsense, mutation in 
I vKcr (-18). The 2iS-yr-oUI patiem presented with incomplete 
epiphyseal cUruirr and continued linear growth into adult- 
hood. Biochemical analyses provided evidence of increased 
bone turnover, and bone mineral density was low. Serum 
estradiol, 1 ; SU, and LU levels were elevated; serum testos- 
terone was normal. Inte*vs*ti«gly, I he patient also had im- 
paired glucose tolerance and hypnrinsulinemia, and KKor 
knockout male mice have increases in total body fat and in 
serum cholesterol and leptin levels after sexual maturity (49). 
These findings underscore the importance of estrogens in the 
bone and lipid metabolism, and have important implications 
for the use of hormonal contraceptions and estrogen replace- 
ment therapies in women, and appreciating the effects of 
exposure to environmental estrogens. 

lv,trogen production is abrogated in the 1*450 aromatase 
knockout mouse model, the female reproductive phenolypo 
of which closely resembles ihat of F.Rif knockout mice. Te- 
nia le 1*450 aroma law knockouts have high serum levels of 
I.H and FSH, an- infertile owing to a block in follicular 
development and ovulation defects, and develop hemor- 
rhagic ovarian cysts by 21-23 wk of age (50, 51). Male l'450 
aromatase knockouts develop progressive infertility charac* 
teri/.cd by an arr<*sl in early sperm iogenes is, germ cell apo- 
piusis, high circulating LH, and I^ydigcell hyperplasia (52). 
Heritable aromaiase deficiency has been described in pa- 
tients with mutations at the aromaiase Locus (CYl'19) (53). In 
the absence of fetal aromatase. (and therefore placental i*s- 
trogens), there is an elevation of testosterone and andro- 
stenedione in both maternal and fetal circulations. This 
causes pseudohermaphroditism in homozygote females, and 
virilization of the mother during her pregnancy. In the ab- 
sence of ovarian aromatase activity, young girls exhibit hy- 
pergonadotropic hypogonadism, and develop follicular 
cysts; with the onset of puberty, the ovaries become enlarged 
and further polycystic and there is progressive virilization. 
In males, Ihe aromatase deficiency is associated with macro- 
orchid ism, high circulating 1\S1 I, LI I, and testosterone, as 
welJ us hypormsulincuiio and abnormal plasma lipids. In 
both women and men, aroma tasr deficiency is associated 
with delayed epiphyseal fusion and osteopenia (53). 

An a rom a tuse-overex pressing mouse model has been de- 
veloped to study the effects of enhanced conversion of an- 
drogens to estrogen:* *'»n male reproduction. These mice carry 
a Iransgene expressing human aromaiase under the consti- 
tutive tinman ubiquitin C promoter, which is active in mul- 
tifile mouse tissues by embryonic d 15. Ttuse mice have 
cryptoehtdism with Leydig cell hyperplasia and disrupted 
spermatogenesis, as well as underdevelopment and defects 
of accessary sex organs. Serum hormone assays reveal ele- 
vated estrogen, reduced testosterone, and reduced FS1 1, with 
no change average 1,1 1 levels but a reduction in 1,1 I level 
variation (54). T1k« cryptorchidism is likely due to a dismp- 
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tion of steroid effects during prenatal development. The eti- 
ology of the U-ydig cell hyperplasia is less clear, though both 
cryptorchidism and exposure to estrogens have been asso- 
ciated with testicular tumorigenesis in mice, and cryp- 
torchidism is a risk factor in humans (55). Ley dig cell 
tumorigenesis is reported in a second a rom a tase-ove rex- 
pressing transgenic model in which the aromaiase coding 
sequence is expressed under the mouse mammary tumor 
vims (MM J 'V) promoter. The expression leads to (.eydigcell 
tumors that express high levels of KR<», and up-regulalion of 
a CI— *S phase cell cycle promoter, cyclin Dl, known to be 
modulated by estrogen exposure (56). The MMTV promoter 
in this mouse model also drives aromatase expression in the 
mammary glands and this results in preneoplastic lesions 
(57), Interestingly, vitamin V) has also been recently shown 
to be important for estrogen biosynthesis in both the ovary 
and testis- Studies of knockout mice lacking the vitamin [) 
receptor reveal attenuation of gonadal P450 aromatase ac* 
livily, histological abnormalities of the uterus, ovary, and 
testis consistent with estrogen deficiency, and elevated level*; 
of LI I and I SI 1 (5**). Together, the phenotypes of these mod- 
els indicate important in vkv roles for the sex steroid hor- 
mones as mediators of Ihe HPC endocrine axis and also as 
cell cycle controllers and differentiation factors in hormnn- 
ally responsive peripheral tissues in both males and females. 

IVplide Hormone Feedback to the Pituitary 

In addition to steroid hormones, peptide endocrine facLors 
released from the gonads affect pituitary FSH and l.H pro- 
duction. Inhibins («;#A and u;0B hcterodimers) and aeti virus 
(tlA-.ISA and 0I5:0J$ homodimers, and /JA:0l* hetcrodimcrs) 
ate members of the T<JV($ supcrfamily named for their re- 
spective abilities lo suppress and enhance FSH production. 
These peptides are synthesized in granulosa cells of the 
ovary and Sertoli cells of the testis and are also found in other 
tissues where they have been implicated in diverse* biological 
processes (59). Male and female knockout mice lacking the 
or-suuunit (IhIm / ), and therefore depleted of the biological 
effects of both inhibins, have high circulating activiris and 
l-'SH, and develop steroidogenic sex-cord stromal tumors of 
Lhe granulosa cell and Sertoli cell lineage. These tumors are 
associated with a cachexia-like wasting syndrome, which 
typically causes death between 8 and 18 wk of age (60, 61). 
In addition, superovu latum experiments in younger knock- 
Out females indicate that there are defects in late stages oi 
follicle development, and transplant experiments demon- 
strate important paracrine roles of ovarian inhibins in main- 
taining the granules;! cell phenotype and averting the for- 
mation of Sertoli tubule-like structures (62). FSl I and 1. 1 1 are 
critical to the processes of tumorigenesis in these mice, as 
double mutant mice homozygous for the hypogonadal (///jy) 
mutation at the Cnrti locus and the biiui knockout allele do 
not develop tumors (63), and t ahb and titfttt double knockouts 
develop tumors with later onset and a less aggressive course, 
a finding that is particularly pronounced in double knockout 
males (26). to contrast to the Irthft / model, mice that over- 
express the rat inn i bin *x coding sequence under the control 
of the metallothionein promoter have reduced FSH levels in 
both sexes and elevated LI I levels in females. In addition, 
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females exhibit subfcrtility owing to a decrease in the num- 
ber of ovulated oocytes a defect that can be corrected with 
the provision of exogenous gonadotropins (64). 

Recent clinical evidence indicate that inhibins may reg- 
ulate human gonadotropin production, and ultimately affect 
the duration of a woman's reproductive potential. A point 
mutation in Lho human IN Hit gene, resulting in a noncon- 
servattve amino acid change (Ala 2S/ Thr), has been associated 
with premature ovarian failure (65). The mutation was found 
in three patients who presented with secondary amenorrhea, 
low serum estrogens, iind elevated gonadotropins, at ages 1 6, 
20, and 24 yr at age, The authors of the study suggest that a 
decrease »" the biuactivity of the mutant inhibin led to per- 
sistently enhanced gonadotropins, and premature depletion 
of ovarian follicular reserves. Low levels of circulating in- 
hibins and high levels <>i FSI I have been associated with 
prematuiv ovarian failure before, though this study is the 
iirsl to implicate inhibins in (lie condition'* etiology. We 
anticipate thai future studies i>f inhibin mutations, and clin- 
ical assessments of inhibin and FSI I levels preceding ovarian 
failure, will be informative. 

When inhibin " knockout mice are castrated, they develop 
steroidogenic tumors of the adrenal cortex, indicating that 
inhibin signaling is key to proliferation control in the adrenal 
glands, as well as the gonads (61). Gonadal tumors and the 
development of adrenal cortical Lumors upon cast ra lion are 
also features of a transgenic model expressing the SV40 T 
antigen ( Tag) under the control of the mouse inhibin a pro- 
moter (66, 67). Despite similarities in their phenotypes, the 
endocrine env iron ments in which gonadal tumors develop in 
these two mouse models are quite distinct, wiLh a progressive 
decrease in serum IJI and FSU in the Tag overexpresscr 
being noted as ovarian tumorigentrsis proceeds (68). Never- 
theless, there is a critical function of the gonadotropin hor- 
mones in this model, as is demonstrated by the findings that; 
J) the /i; ft mutation prevents the Tag mice from developing 
both gonadal and adrenal tumors (69); 2) adivnnl tumor cells 
express LI IK and respond to Lit by up-regulating steroid 
production ht Vitro (70); and 3) suppression of serum LH by 
exogenous testosterone administration precludes tumor de- 
velopment ((>*•*). Similarly, elevated serum l.t t in the bLll/i- 
CTt* transgenic model promotes I.MR expression and in- 
duces steroidogenesis in the adrenal cortex (71). Such I,H 
action may also be involved in tumorigonesis in the inhibin 
fir knockout models, where there is a striking induction of 
1,1 IK and P'151) aroma tase mKNAs in adrenal tumors (our 
unpublished data). Together, these mouse models provide 
evidence for important regulatory roles of in tub Ins and U-l 
on nongonadal steroidogenesis and tumorigonesis. 

1 lomozygole mice with a null mutation engineered at the 
activ in /inhibin JtfA locus (hthlxi / ) die neonatal ly due to 
craniofacial delects that prevent suckling, and until mure 
recently this had precluded further studies pertaining to llur 
role of activin subunit in reproduction. The null phenotype, 
however, can be rescued by replacing the aotivin/ inhibin /JA 
coding sequence with that of the activ in/ inhibin J3B gone, 
conferring the activin/ inhibin fiA expression pattern on this 
iv Li led sequence (63*^1 amino acid identity). Knock- in mice 
demonstrate enlarged external genitalia, hypogonadism, and 
diminished female fertility, ind idling unique and p revi- 
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ously unrecognized functions of the activin /inhibin pA pro- 
tein product in reproduction (72). Serum I ■'SI I levels in these 
mice are slightly increased, though whether this reflects loss 
of pituitary inhibin <v:/4A signaling, enhanced activin /|B:/jH 
signaling, or is simply secondary to gonadal defects remains 
to be investigated. Knockout mice lacking a functional /^B 
locus (Jnlibb' ' ) have developmental defects in eyelid clo- 
sure, prolonged gestation, and a failure of mothers to nurse 
their litters (62, 73). Tlx* laUcr is also a primary characteristic 
of oxytocin knockout mice (74), and therefore, together 
these phono types .substantiate that activin /M is an important 
in the induction of this hypothalamic/ posterior pituitary 
hormone (75). 

Signaling pathways that mediate activin and inhibin of- 
focls are complex, and no receptor or downstream signaling 
protein nulla lions have been described that phenocopy the 
mutant models lacking functional ligands- In lho case ot 
activin signaling, however, transgenic mouse models with 
altered expression of activ in-interacting proteins have elu 
fidated specific aspects of activin function in b'SI I regulation. 
Activin reeepior type II (Act KM) has been shown to relay 
activin-mediated induction of F$H, as knockout mice lacking 
ActRIl have suppressed FSH levels in the pituitary and se- 
rum; LI I levels arc not affected. Mutant ActRtI mice also 
exhibit gonadal pathologies at least in pnrL due to the lack of 
l ; SH, including a delay in fertility and reduced testicular 
growth in males, and infertility, underdeveloped uteri, fol- 
licular atresia and reduced numbers of corpora lutea in fe- 
males (76). Bionctivitics of activin dimers are modulated by 
their association with a binding protein, follistahu; the in- 
teraction is believed to antagonize activin functions in the 
pituitary (62, 77). Toll is ta tin knockout mice have numerous 
embryonic defects and die in the perinatal period (78), but the 
role of follislatin in com rolling 1'SI I levels can be appreciated 
from studies of transgenics overexprcssing follistatin under 
the control of the metallolhionein promoter. Lines of mice 
with widespread expression of the transgene exhibit sup- 
pression of serum FSI J, and defects in gonadal growth and 
gamelogenesis that can be partially ascribed to I^SH defi- 
ciency (79). 

'IVariMerjptxonal Control of the Gonadotropin Cones 

Knockout mouse models have led to the functional char- 
acterization in vhw of several pituitary transcription factors 
important in mediating gonadotropin expression or provid- 
ing for the survival of neuroendocrine cell populations in the 
hypothalamus and pituitary. One of these factors is steroi- 
dogenic factor- 1 (SF-1), originally identified because of its 
role in directing the expression of cytochrome I '450 steroid 
hydroxy laws in the ovary, testis and adrenal gland. Knock- 
out mice lacking SF-1 have profound defects in endocrine 
development that affect multiple levels of the I IPG axis. 
Newborn SF-1 knockout mice have gonad at and adrenal 
agenesis, female sex traits, absence of the ventromedial hy- 
pothalamic nucleus, and impaired gona do trope expression 
of CnRMR, FSH, and MI (80-82). Hetomzygotc mice an' 
phenotypically normal. To circumvent the complexity of the 
SF-1 null phenotype and establish its role specifically in 
pituitary hormone production, tissue-specific SF-'l knockout 
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mice have been engineered (83). In those mice, a portion of 
the endogenous S1-- 1 locus is marked for excision by Oe- 
recombinase enzyme by the introduction of tandem toxP 
sites, and a Ov-rcCombinasc-encoding tmnsgene is ex- 
pressed under I he ^-glycoprotein hormone subunit pro- 
moter specifically in cells of the anterior pituitary. In both 
males and females, Lho pituitary SF- J ioss-of-f unction caused 
sexual infantilism and hypogonadism, ;uul gonadotroph 
cells failed l»> express appreciable levels of (.InkHK, (-"Si I, or 
LH (S3). Essentially, all gonadotropic effects of the anterior 
pituitary are lost in those mice, the hypogonadism being as 
pronounced ;is when gonadotropo cells are ablated by tar- 
geted i ox in expression (84), but there is no defect in gonadal 
or adrenal development during embryogenesis. In several 
respects, the SF-1 null mouse pheiiocopirs the efforts of a 
heterozygous mutation in the human FT/SI gene encoding 
Sl'-t . The mutation has boon described in a single patient (S5) 
and is a loss-of- \ unction 2-bp missense change affecting the 
DNA binding domain of lhoSI ; -l protein and eliminating its 
recognition uf the SF-1 canonical nucleotide sequence. The 
XY female patient presented with adrenal failure in I he firs l 
2 wk of life and had streak gonads with poorly differentiated 
tubule structures. I Respite similarities to the knockout model, 
there was elevation of gonadotropin hormones in this patient 
in response to administration of GnKH. U is possible that I 'SI L 
and LI I production during this lest relied upon I he function 
of SF'-l transcribed from the normal allele. 

The reason for the SF-1 haploinsuificiency seen in humans 
aiul not mice remains unclear, though dosage sensitivity is 
also a hallmark of two other human conditions involving 
related transcriptional regulators ami their roles in gonadal 
development and sex determination. WT-1 (Wilms tumor-1) 
and I MX- 1 (dosage-sensitive sex-revevsal-adrcna! hypopla- 
sia, congenital critical region on the X chromosome I, gene 
I) proteins interact directly with SI* 1 to promote and repress, 
respectively* its transactivallon of target genes, including 
Mollerian-inhibiting substance (Xb). Hotoiwygore XY rhil- 
dren with a dominant negative mutation of WT-I have 
Deny* Drash syndrome, ch a racier ized by male pseudoher- 
maphroditism, urogenital aberrations, and nephroblastoma 
(87). In contrast, XY sex reversal can result from duplication 
of the DAX-l locus in mo dosage-sensitive sex reversed region 
of the X chromosome (88). Aspects of the l>onys-Drnsh syn- 
drome phenol yf jo are recapitulated in heterozygous mice 
with a truncation in WT-I (89), whereas UAX-l overexpress- 
ing transgenics create a di usage-sensitive sex reversal-like 
condition in mice with a hy porno r pic Sny (sex determining 
region of chromosome Y) allele (SH)). These and other mouse 
models with sen determination phenotypes are reviewed by 
Whihvorth and Hehringer (91). 

At birth and throughout adult life, a homeohox-containing 
transcription factor, OTX'l (orthodenlicle homolog 1}, is ex- 
pnrssed in the pituitary and is involved in the transactivallon 
of several glycoprotein hormone sub on it. genes. In addition 
lo neurological abnormalities, Otx / mice exhibit a propu- 
bescent period of dwarfism and hypogonadism owing to 
decreases in Oil, FSII, and 1.11; the condition corrects itself 
by 4 months of age and knockout mice then have restored 
growth and gonadal function (92, 93). The defect in these 
mice docs not include alterations in the hypothalamic ex- 
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prossion of GnKU or the pituitary expression of OnRHR. 
During the hypogonudotropic, hypogonadal period, knt>ck- 
out males had a block in spermatogenesis and females had 
ovaries devoid of antral follicles and corpora lutca- These 
histological findings were noL seen in older fertile knockouts, 
in which there* was recovery of a II stages of sperm and follicle 
development (93). The Otx knockout phenolype is particu- 
larly intriguing because of the window in which it is appar- 
ent, this being the first example of a mouse model for in- 
vestigating causes and effects of delayed growtli and 
puberty, and the regulation of temporal -reslricteil molecular 
mechanisms in the onset of sexual maturity. 

Mutant mouse models have defined in viva functions of the 
early growth response (Fgr) family of zinc finger transcrip- 
tional activators in regulating pituitary hormone production, 
hindbrain development, peripheral nerve myelination. mus- 
cle spindle morphogenesis, and spermatogenesis (94-99). 
Two ot these transcription factors are critical in the estab- 
lishment of the IIFCi endocrine axis, KCIR1 (also known as 
nerve growth factor i A) and KCR4. Though the F.gfl gene is 
expressed widely during development, the phenotypes of 
r.grl mutant mice are relatively restricted. The first Fgr'l 
mutant mouse? model was engineered by inserting a neomy- 
cin selection cassette into the DNA-binding region of the 
li<JKl coding sequence (£ t vr '/'"*"), and the primary defect is 
female sterility due to LH insufficiency (94). Homozygote 
mutant females show loss of estrous cyclicity, uterine hyp- 
oplasia, and no luteinized cells in their ovaries, though cor- 
pora lutea are evident upon pregnant marc's serum gonad- 
otropin and hCC treatment. FSH is produced in these mice 
and is up-reguJated upon ovariectomy, bid I.U/i-subunit 
mRNA expression is critically compromised. By contrast, 
ti£rV hv homozygoto mutant male mice have no defects in 
fertility or spermatogenesis (94), (hough knockout males 
lacking FX iK4 are infertile because of germ cell maturation 
defects (99). To examine functional redundancies between 
KGRl and lil«J4, /Jyr/"'", Fgrl / double mutant mice were 
bred. Interestingly, double mutant males, unlike F,$rV ua or 
£er*/ / single mutants, demonstrated low levels of serum 
LI I, low serum testosterone, and atrophy of androge.n-re* 
spons ivo organs (1(H)). Because steroidogenesis was restored 
by the addition of an LI I receptor agonist, the defect in these 
mice up pears lo be in pituitary production of this gonado- 
tropin (100). Therefore, though EC'.Rt is critical for 1,1 1 pro- 
duction in the maintenance of female fertility, in F.$rV M ' 
mutant males F\GR4 compensates by establishing adequate 
LI I to support androgen production, A second E&r'l mutant 
mouse line has been generated hy targeted insertion of the 
Uic7, (#-gaJactosidase) gene into the F.grl locus (/-'tfr/ 7 '"'*), and 
these mice have several notable phono ty pie differences com- 
pared with FgrI""' mice (95). In those mice., somatotroph 
development and production of (JU in both sexes is im- 
paired, male fertility is critically compromised (but can bo 
rescued by Lt I administration), and female infertility cannot 
be rescued by LM administration and is associated with *i 
down- regulation of LIIR. Those findings suggest singular 
and previously unexpected roles for KGRl and its target 
genes in nongonadotrope pituitary cells, LI I production in 
males, and i.HK production in females. Whether the Kgr"™ 
allele is a hyponwphic allele or whether the F.^ tuA allele 
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creates aberrations apart from abrogating FCRl expression 
remains to be explored. 

Other Pituitary Hormones, IGF-l, and Utptin Affect 
Multiple Levels of the Kndoc rino Axi« 

Hie physiological complexities of the I IPC axis can be 
further appreciated by studies of mouse models wi(h dis- 
ruptions of endocrine and paracrine factor* known to affect 
central and peri plu -nil components of the ^xis. Nongonndo- 
trope interior pituitary cell lineages and their product hor- 
mones may play im port an ( roles in establishing bidirectional 
gonadolfope-gonad communications. Aunrs and Sncll dwarf 
mice | with mutations in Pit)/;/ (paired like homeodomain 
factor 1; prophet of Pit!) and Pin (pituitary specific tran- 
scription (actor I) genes, resptvtively, encoding pituitary 
transcription factors | have 1$J I, prolactin (PKL), and OH 
deficiencies due to defects in thyrotrope, lactotrope, and 
somatotroph transcriptional jvgolation, In addition, both 
mouse models also display J II 10, despite the absence of a 
direct role for the disrupted transcription factors in gona- 
doLrope ontogeny or gene regulation (101-103). (nte'n*t- 
ingly, HHC; and iailure to respond to exogenous (In RH is a 
feature, of patients with homozygous or compound heterozy- 
gous PROW mutations (with considerable, variability de- 
coding upon the exact nature of the mutation), but not in 
patients with even complete loss-t if- function mutations of 
the human PIT! gene, I'OUlft (POU domain, class l, tran- 
scription factor I) (104). 

To gam an understanding of the direct and indirect effects 
of nongonadotropin pituitary hormones on ovarian function 
represents an important challenge today for endocrinologist 
and researchers. Thyroid hormone has been implicated in the 
function of the Jar tot rope and soma to I rope cell lineages in 
the anterior pituitary, which produce PR!, and C1I, respec- 
tively (105). Clinically, both hypothyroidism and hyperthy- 
roidism in women have been associated with menstrual ab- 
normalities, infertility, and complications in pregnancy 
(IOd-108). Moreover, analyses of a genetic mouse mode) of 
hypothyroidism (ityt) caused by TSI I deficiency have dem- 
onstrated mat thyroid hormone is important for peripheral 
gonadotropin hormone response and female fertility in ma- 
lure animals (1(>'>). Postpartum hyporprolaciinemia sup- 
poses the HPC axis by inhibiting GnKII production (1 10), 
and delects in PRL regulation have been associate with 
reproductive abnormalities in patients, though the rotes of 
PKL signaling outside of mammary tissue are still not well 
understood. ft/male knockout mouse models lacking PRL or 
PKI , receptor are infertile due u> defects in lutcinizaiion, and 
PRL receptor knockouts also exhibit irregularities in estrous 
eyelieity, as wet! as a failure to support ovid octal embryo- 
genesis (1*11, 112). 

OH is crucial for growth and the onset of sexual maturity, 
Inith by its direct effects binding the CI I receptor (CH IR) and 
by the effects of downstream IGl-L Knockout mice Jacking 
the CHK have growth and reproductive defects. Females 
exhibit subferlility, and a delay in the onset of sexual mo- 
lurily that can be corrected by administration of ICl'-t (113). 
CI IR knockout males have low levels of circulating l<'SH and 
ICJP-i, low plasma testosterone, and an attenuation in their 



Knihmrimilcpey. AvijjumL W1)2, 1 4;i< 81:2823-4*.™ 2831 

steroidogenic response to exogenous LI I owing to down- 
regulation of IJ IR in the testes (114). In contrast, transgenic 
males that overaxpness a human CH transgene under the 
metallothiortein promoter have enhanced transcription of 
PSI I and LH mKNAs, increased serum levels of LI I, and an 
increase in LH please in response to CnRH (103). I'omale 
transgenics in which bovine CH expressed by the phosphoe- 
nol pyruvate carboxykinase promoter, though unable to 
maintain pregnancies due to PKL deficiencies, have an in- 
crease in the numbers of preovulatory follicles and corpora 
lu tea/ and a decreased granulosa cell apoplosis in developing 
follicles (11S, 116). This latter phenotype may in part reflect 
enhanced ICF-1 function in developing follicles (117). There 
is no readily evident clinical correlate for these phenotypes, 
and reports of reproductive defects in patients with alter- 
ations in CI I regulation most commonly describe cases of 
hypogonadism in patients with acromegaly. CI I ovcrcxpres- 
sion in such patients has been associated with amenorrhea in 
women and testosterone deficiency in men, even in the ab- 
sence of hyperprolactineinia (UK). 

Many biological effects of Ci 1 have been attributed to its 
induction of ICJF-l in peripheral tissues, and studies of Itfl 
knockouts have revealed important functions of this growth 
factor in prenatal and postnatal growth, as well as within the 
gonads. Itft knockout males and females are infertile. In 
males, there is a marked reduction of plasma testosterone, 
and an inhibition of LH- modi a ted testosterone production in 
testicular organ culture experiments (119). In females, there 
are hypoplastic uteri and no ovulatory rcsfnmse to exoge- 
nous gonadotropins (J IV). Further examination of the i^fl 
null ovaries revealed a block in follicular development rem 
iniscent of that of the FSI I knockout mouse and a lack of 
FSUR expression; tills finding and the Cocxpression of /,e/i 
and / s//r mKNAs in healthy, growing follicles has led to the 
proposal that ICP-I up-regulates RSHR and is needed for 
I SI I induction of steroidogenesis (120). Consistent with a 
role for ICF-1 in steroidogenesis, both girls and boys with 
Laron syndrome (primary CM resistance) treated with ICF-1 
develop elevated serum androgen levels and secondary ef- 
fects of androgens ( 121, 122). Therefore, it seems that (.11 1 may 
influence gonadal functioning both by promoting central 
t'Sl I and LH production, and by enabling gonadotropin re- 
sponse in the gonads, directly and through up-regulalion of 
fCF 1 . It should be noted that other physiological parameters 
influence ICF-1 levels and activities; metabolic defects in 
y-glutamyl transpeptidase mice lead to decreases in I CP-] 
levels and similar reproductive phenotypes (123). 

Just as CI 1 has pleiotropie effects on the HPO axis, Jeptin, 
a protein released from adipocytes, acts upon endocrine cir- 
cuits at multiple locations. I -epi in -deficient ah/oh mice are 
obese, infertile, and have characteristics of HHC with en- 
hanced functioning of negative feedback pathway* on go- 
nadotropin production reminiscent of immature animals 
(124, I2. r >). Similarly, leptio receptor-deficient dh/dh mice ant 
oWsc ami hypogonadal (126). bt vitro studies have indicated 
that leptiu normally functions at both the U:wl of the hypo- 
thalamus (enhancing CnKI 1 production), and at the level of 
the anterior pituitary (enhancing FSH and U I production) to 
promote the establishment of adult circulating gonadotropin 
levels (127), Interestingly, lepiin may function dichoto- 
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monsly in HI^i axis fund ion up-regulating Gt\Rl I, FSH, 
and I.H production cvnt nitty, but down-rv>;uIntinj; tftoroi 
iloj^iK^is in peripheral tissues (128- 131). To urulorstnnd rite 
of feels of leptin and body fat content on ihe reproductive 
endocrine axis in humans rvpiVM'rtts a field of research with 
important imp] {rations for lu.*:ilth core practices. tx?an per- 
sons have decreased eirui luting leptin levels compared with 
uln^e persons (132). It may be speculated thai low leplin 
levels contribute to the suppressed CnRH, low ^onadotro- 
pirt>, abnormal glycosylation of gonadotropins, and delay of 
mcnarche or amenorrhea observed in young women athletes 
;ind anorexics (133, I *\<\)> Obese patients have elevated serum 
leptin levels but may exhibit leplin resistance so that some 
biological effects of leptin arc attenuated. Roles that leptin 
signaling and other metabolic regulation pathways play in 
the development of the altered se> steroid profile and am 
enorrhea seen in obese women remain to be elucidated. Mu- 
ni an mutations resulting in obesity have been described af- 
fecting both leptin (135, 136) and the leptin receptor ( 137). In 
the case of the leplin receptor mutation, two sisters homozy- 
gous lor a nonsense mutation p resented with early-onset 
obesity, attenuated levels of growth hormone and It IF- 1, 
hypothalamic hypothyroidism, and did not undergo puber- 
tal development. 'I'hcir endocrine profile showed low levels 
of estrogens and gonadotropins that persisted without re- 
sponse to CinKli administration. This clinical case under- 
scores the importance of metabolic pathways in the control 
of the reproductive axis and other endocrine communica- 
tions, ami the continued utility of the oU/ob and dbfdb mouse 
models to study leplin pathologies in humans. 

Conclusion* 

Cases of human disease and transgenic mouse models 
offer powerful means for appreciating the molecular com- 
ponents of endocrine pathways, including the direct, indirect 
and compensatory results/// vivo ol their aberrant function- 
ing. l.iJS.%*of-fuiKl<ou mutations produce hyponmrphic and 
null alleles in mice that recreate deficiency and resistance! 
syndromes in humans. Transgenic ovcrcxpresscrs and tar- 
geted subtle mutations may mimic activating mutations or 
the effects of hypersecretion syndromes in patients. In some 
instances, mutant mice closely phenocopy human disorders, 
stand as important prt>ofs-of-prmcip]e, and provide us with 
models for testing our understanding, of etiologies and po- 
tential medicinal interventions. In some, unexpected pheno- 
lypes call c>u retentions to unrecognised endocrine relation- 
ships, and the pathophysiological bases for previously 
inexplicable clinical observations. These genetic models will 
continue to reveal to us aspects of the human endocrine 
system. 
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!)•!. I.i X, NokkoU li, Y^n VV, Slren^T. Sparine n N, Wnrri A, fluhlaniomi J, Sanlli 
K, Mokrla S, i'nuUncn M 2001 Alloi'ut %lnK hir.- and lupct'^> of iX'pit^liK-* 
livt- ut>;an» in rr;ins^f,nic m^le niico i>Vrt«xprrssinj» tuxn^n womul.ise. 
tU^iiiU«Ki>;y M2:Z1.1S 24<J:: 

55 Rowland MC J'^*>f» tlornunwit f^rtnr.% in Cikrcin«^>OiU»i\ nT iIm< prusialo and 
lrfiri>i in huiTUns and in animal miKlc*Ls. 1'ntj; C"Mn Hiol lies iOh.WW 1S2 

J*. l owlur KA,<:ill K,KirmjN. Dillcnay l>l v 1Vkm«l H R ?0tXJ t ^Vltv.hi tnwsi mi 
i H' arc 1 1 li i. in.- U^iJk Uult'VClopmcilt nf U-ili* ular I j-yv)i f ; ,v*l Utmtirs. 4n in imnt 
mtKlel /or luwfiumr-in^Hottxl tcstifuLii CailOOr. Am J Cirhol 1 fk»:347— 3!5TI 

57. Tckmjd KK, Kamtt lundra N,<Juhba S, OufRjnx VK, Mnntionc |, Toda K, 
Shizulo Y, DilJi'hjy DL IVSWi < )viTc\prcs.ston W iiU-S/artiiuafti'ji' in mADV 
.iiKtr^' ftlandv Of tr.u\b^<'jiic mil*- n?;nlb; in the induiiion iif hyjM'rptasio oud 
ruirkwr abnor(iK>lilit!t>. CAtWcV R*-n Ji6:.1lr5l) MH5 

58. KinutA K, Tanjika 1!, Moriwako T, Aya K, K j*o S, Scirvo Y 2(HH) Vil.inun I > 
in an important laclor in csln>non hinKynihtwis nf h»>th fcm.lU- aiul iiuili- 
Konad*. limlcKTiitnktj;y 141:1^17-1*124 

Vale W, ftilivikjian I.M, Kivicr C l*>4 R^mnhiitivf and *>tl\*T n;lo uf 
mhibins rtinl .H IiVium. (n: Knt»hil l ; . ( Ncill |, txls. 'lilts physiology ol rqM\Kllli^- 
rii»n. 2ivl cd. Now York: Rav**n J'jvm., Ud,; vol J:IHt>I-l«7H 
W>. Mar/.gk MM, VlnCROJd Mj, Su |-t":j, lUuch AJW, Rrddlfy A 1VJ2 <r Inhihin 
ia a tumiM-Niiftpi>'sta»r j^*r»i* wilh y.ofiadal sixviHcilv in miiv. Nature 

01. MilUuk MM. Fungoid Mj, Mather Jf, KiUikiAWii L, Lu It, Htodlcy A l^'J 
1 )*'v»*lnpm^.'nt ot lJIK\i tathi-xia-liUc »V"itr\»«C M\d iidrtTial tuir«»rs in in- 
liilHii-d.'fiv icnt mico. IVih: Nail At ad >ki USA *>l:tWI7-HH2l 

02. MaUuk MM, Kumar TR, Shou W, (Vrvcr KA, tj U A I, IWhiin K «r KK, 
['inc^old MJ VJ*Jh 'Vr.uvigm'n- models to hluily I hi 1 n >!.*»; *>( intlibiMS .Hid 
a<tivin?; in rqiOKlut liun, oiKi^purt;^, andJ dcvckiMnunl. Kiwnl Mmj; Itnnn 
Krs 5t:l?1 157 

K^. Kumar I K, Wnng Y, Mfltzuk MM 1VW»la«na<nMT..pins arc wmi ili.il mtKtirtor 

f.U'Uu.s foT y'linad.U f\|inor dcveliipiiHTtl in iiihil>{n d'HU'icht iiikV. liiulorn* 

hoIokv J37:-12)l> 'I7K» 
M, Cho BN, McMullcn Ml, T^i 1« YMifii CJ, Mayii KJi 7(K)I KijmkluiHiv^ 

dc'iciohCk'S iii lt'urm);i'nh* mia* mpTCSPinft the tat mhiliin n milnmil ^wiH 1 . 

i:nik»trinn|n rt y \42A*m-!*m 

Shfllinj> AN, ttUflOrt KA, Chand Al., van tw CC* Fmack JT. I arquhar CM, 
Milsom SK, l ove OR, CtCtvak K, AiUoniaki K, Win«hip IM 2(WH) lulitlrin: a 
Candidate >;cnr f*>r pri*oioturv iWafiaii hnlim*. I Inm Itrprod t. r t.2M't- L'ft-IV 

<rfi. Kjnanon K, Markkula M, Rainio ^ Su JO, Hnui-h AJ, I Ightpiucmi IT IWh 
{ainad.d tMni<ni^:iU'«i.s in Iratvijv. 1 "*': mice tHunnf, tin* uwu. a u* inhibit fr- 
Milnmit prnmotor*:/ftimiai\ virua T-tiiitiy^n fusit>rt tfcm:: d)»rat 4 %f 
Ovarian (umnrinnd cstobli&liinoni *jf pinailntn^in- ropt»n>ivo j-ranultxia ^-Ht 
lillO.t. Mul l'tul(Hrinol 9:(ilf>-f.27 

67, Kanancti MaikkuJa M, MikoJ.1 M, Raiiiio LM, MrNcilly A, » luhUnicuii 
I 19%C.rtU^adLVUuny(Vrinit»ndriTK\X>rtiCJj tuinori>' T iTit*.si.-. in mio.' traj>sj»,onic 
Kir Mk* ntnut'C inhibin ff-snlmnii pnimolcr/sitniiin vitus-JU 'I'-aniigcn lusion 
y f ft\v: fviikiw for nr*;alivi> uiitun^ulnKim o» the uihibin iv-Mtl*unit j»i«ru» MtM 
hliuliKrinnl 141: li»#;7 (077 

(W. Rjhnun NA, Jluhtanirmi IT2IXH Ovariim i inn uri^ni^irt in muc lians^nir 
for murine iidiibin n subtmil promitlc>r-tli'!vfn Simian Virus 40 T-ynli(;i*nr 
nnlo^cnv, I'unVlional rJianii-tct-istio, and fJid<M'niM' 4*(*fi»rtJ;. tW<t| RopfiuJ M; 
n?r> 1 1 .10 

tf>. Klliannwati, Kc«> J, 1'aukku 1, HuhMnicmi I 2WM) Utn^-ttTiTi n-Ntt^tcronv 
tfcairntiit pn-vents j*oi\jdjl and atlrt-nnl inmori^oni-sis «»l min* h-tiu^onU' tor 
llV>iiuMt>A*i]ilnl>in n.vnitn;n't pronK»ti*r /simian virii.s'Krr oilti^i Ji fusion ^i'ih*. 
J linJiXTimil 166:77 

70. Kllianaw^U, Tjiukku T, Ki-n> J, /.hnng IT, RahiUan N, Kanjnrn K, Huhla- 
n ic mi I lyyj* I"Srt'Ct lutvuljy.iny, hi inn tun* (U-littn infers adrtMitMMriii-ol Lu- 
IUi»iij'/-n<-a.s in rostrated mux* IratiK^nitU- tfir the murine inhibm <y-Mi)>unit 
piiimulcr/.tiiiunti virus JO T anlincn liihitin y.mi*. MnJ tind(Kiinof l2:HIH KOV 

*/l. Kcro \, rouljil*h M. ZlunK I'T, RahlUAiX N, MtfNicul AM, NilfMn Jll, Kt-ri 
KA, tlvhtanicmi IT 2MH) Hltivarifi luteinizing huirrwnn' indu./r^ CXpiVa^inn 
«f ii.*; r»n-4i>ior nmj pnmuilvn. »lfruidi^«ni'siii in the adrvital rtMlCA. I CJit\ 
Invt^t HWrfkU-MI 

72. Uruvvn CW, Hou-itun-ll^wklna OC. Woudruff TK, M 9 t/uk MM 2tK)0 In- 

Korikm of Inhbh mitt lIk* Inhba Uvus rescind il»r lnhl»a null phom><vpf and 

i\*v*mI.s now prlivin runrtimm. Nat ( aiivl 7S> 4?0~ *\T*7 
7.V VAfitjlli A, Maty.uk MM f GAldiwr HAK, l^v K-l', Jjtcni'Vk'Ii U IVM Artivin/ 

inhibin /(H miLjliiuI ^fiu- (JiKnipthm ICAd.«* lu *U'(crtn in eyelid tlrvclopriii-nl 

and fiMivU* rcpAnluCtiim. Cienrs t\-v 4'4C4 -127 
74. NiMhimori K, Yrtuni; LJ, Ou« Q, Wjn R Z, InWfl TR, Mjtr.ub MM t'»*'(> 

( >xytt*w'irt lh rttpiirc\l lor iun>in^ lull i.t not i^riHiol |\tf pjrlunlinn nr rc 

pnxltirtivL- ht'naVMtr. I'nx- Nnit Acad Sti USA «.l:lli.^ M7iM 
7fJ. Val« W, I fcuch A, Rivitfi-t;, Yu J I Wtl In; Spnm Ml). K*>lHTts AH. rds. IVpltdt- 

KCoWtlt fartors ami (Ivir rtVi-plor?*. Ikrlin: !>]irinfti r-VvrLij;; 41V> 477 
7o. M^tZUk MM, Kumar TR, Bradley A l)iilm'i\l plU'iiolyfH-; for mico 

dWirirnt in dinar j«1iviiiK i>r .ir|tvin rLH.Vptin' lypti II. NftlU IV ^7- 1 .toll 
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77 NdkAmiiM T, Takiu K/ IiM V, Shtbji H, TiUni K, Sufcinn II I'WO Aclivin 
hiiuliit) 1 |)ininit from Ml ovary u. hilliM.iliit. Science 2t7:K.tt>- 
Maizuk MM, Lw II, Vo^l H, SHlhtyci K, Koop UK, Kradtfy A l«MS 
Muliiplt- cLefei'fo jikI peiipaially tli'.iih in mice *k'l» iriu in fullislMin. N.Mure 

7*J Cut*. Q, Kuihji TR, Wrmdruii r,IUd.*«rll LA, DcMap H). Matttuk MM l*»W* 
< Ki'ifKpiVr^icn i,H mom;*.- folllMUtnuau*^ iv|»rtnlm1ivftli;fKl> in \u\ntif f Vt\W 
miu!. Mol FlUloirinoi l^:Vf>- UK* 

HI). Imo X, Ikcda Y, I'arki-r Kl. lM'M A cvU jiperifir iiudeai receptor Ik ciwfriti.il 
A) I adrenal ami gonadal dt'Velopivu'nt ,11k I M-xuii) JitfnVnliation. Cell /'/: 

Kl . Ikeda Y, l.uo X, Ahbud K, NilfiOn |l I, Parker KL l'W The niaeksir rctrpU'f 

>lcvoi(ln);ii»ii Im-ior-l i»r.<<*enliiil for ihe formation of Ow irnimmedtiil IlV- 

|HtUula»«i«* luirh-iiN. Mid Fndoi'rirh*) *»: I'/K - 
«. Ingham HA, lata l»S, IkrtU Y, l.u<i X, Sli«t WJI, IWilis*! MW, Abbud 

K, Nil«onJH r l'*itrki-r KL I^M't'lv nut'lear r-ftepUu* Memido,!,.*nl.- factor I act* 

,il multiple Icvi-li. nl Ilu- reproductive axis. iVor* I>ev X:2 H)2 2. 112 
H;i. Zhao 1,. Jtakke M, Paikcr KL^X)1 l*iiiiil.,ry-\pecilic knorktiut <tl Mt*rotdo- 

yenii laclm I. MoK'ell |-4uloC»inoJ I*t*v27 :Vj 
M kvndall SK, Saundei* l*U |in l v Lloyd KV. ("ilodil i.M, NrH TM, Iter! ttA. 

NiKon M», C ainpiT HA l^'l Targeted ahlalmii of pituitary ijnnadoiiopu* hi 

loi*.#*m< iiikv. Mol Fiwlocrinnl S.2I>2. 1 » 2UHi 
rTi Avhi-munr. Jf. Ilu M, Uindmarsh I't*, jauieMlit ,|L IWY A mutation in i\w 

fceno ,4tuKlm>* .-vleroidofteiuc liwinr-1 i.iiim^ XV ACX n-ven.il .Hid ada*i\aj 

Miliirc in tinman*. Nat l -en-H ?.2:llTi I2<> 

Nai-hii^t MW, HirokAw.i Y, llnyrarl- VjnHo\Hcn l>l v l-biui^-in JN, Ibm- 
mi.T<.l> f IriHuhluvHA IfWH WMiunMuiivh I ,M>iDXi\-l mtidul.iU* ttieorplvui 
nut U'.tr ivcvplur Sl : 1 w»)i-sfi«tifa yjnw cxpiv^inn. C i-ll V^:*1-ir»- 4M 

H7. IVUftii-f |. Biucriid); W, Ka.shluit Cli, MiMOr SM, Man i vol )C, Stric^d Jli, 
[luughlim IKT, lunicn (; H.ibib K, Fou«cr 1^ liru- KN. Silwrnyn IJI Y 
EluuMhJin D l*#*J| Orniliiu' tiiut.ilioivs in llu* Wihii:;' tumor MippiW*»r \\rnr 
m\* vvsmk'm{k\\ Witli olxionn.il iu\>v^'^^l l ili'volupiiwni in I Vnvs OmtJx 
dn.iit.*. LV11 (17:4V 447 

HK, Hjrdoni /^n^rto I-., <:uioli S, Tlufidi^ CI, Worlry KC. Tortirti f J, Ffiranti* 
I*, Chiurtictlo M<<'.ib« lilt, 1'rjuivtro M. /vf^rJ! O. Camerino C IW A 
dtistio* soviitivt* t{ii u ..il dtfinmihAllK* Xp?l is Invulvtol in male t«» ii'malr.M'x 
n-vviw". N,»l Ll.-iun 7:-1V/- f Xll 

«'l I'jIoU <"r, I iltlr Mil, Hi-mtMHS, MUckC^C lurlivu )V. Clutkc AK f Miyaj;dwJ 
K. a>riMic l>oi>*. J, Harrison 1>J, I'om'tmH U\. Brookes A J, llmper ML, 
llahlie ND A /.iiu lm>i*T tniiK.il fii uf iiiufini* Wl'l nwulii: ui llu> 

L'lwi.ntt'ri.Mic tirti);t'iiiLil .ihit4irn\idilii» uf I hiny.vDntsh ■lyrkinMiir. l'iu N^tl 
A\Md Jn i USA«h.Ml-24> 

M) Sw.-vin A, Njrvrii*. V. Uur^ynt* l\ I'jmviinu C l,OvHI-»aU|»c K I'W* P<ul 
,mu > ;t»Hy.<».iwy ottirt^ in m.imm.thiin mik iMormm^wui. N.muu:vM:7hl 7'»7 

*»1 . Whir worth l>), Uvhrinj;cr KU 'JlhM 'I Ik* ti»»i\^i'iaic m»tn:if in mIuiIk*** of nwnt 
ni.i I uin st-Avuij ilifU*i\'ntMfi<wt. In: JVUIs.uk MM, llrnwn t:W, kuiivir IX crts. 
'IViJM:.j;i"rticv in t*iuUvnni>li>frv. 'luUir/.t, N|: 1 lunwna Tn-ss; IV-.V 

V2. At-unipuiJl D, M*7-*»n S, Avantaj^iJlo V, tl«ntm- T, Tuorto J-', LillcmAivi Y, 
Hrulct I*, SimC0"C A l***Mo i:|-iii-p>y and ,ibnt*rm.i1iU»'.t. ill Olii'C K^kiiVJ 

llirUUl fii-iv NoMrfiM-l l t:^l^-Z22 

M;i. Aeamporj O, Mdy^n S, Tutifttf l ; . AvanlaKpato V, I rrrrtbUy JL U^Wrq |> y 
di Carlo A, Mariano A, MjccIuj lli, Corlc C, Mariiiin V, UfOUAP I, 
T. Simconi' A IWI 'rr.ii»iiuiit {lw;iirtiKi»* aiul hyiK^maJiMi* in n»uv Lifkiiif; 
I M\ I f^Vdl prfpnlhfkfitl Miij'.v >pc*ciMc conln'l of piluitaiy Iwc I* til £ :i I. INI I 
.HUMII IVwtt»)'ini-nt 12\M£* J2.W 

•M. Loo SU V.*<li)v«ky V 7 S wit mi it All, Tnlish J A, t;otla Gavriliiu <i, Mil- 
br.ntdl I IWIp t.uti'inu-.ii\i*, h^riMniK* .Jolk-lcru-y i»«l fiin.ilv infertility in miiv 
|,n-kiM)> tlw tr.iii^Ti|nioii Liilur N£;i J l A (I'r.r-J). Slivihv 27^'l?l*> 1^21 

*t r , Topilkn \\ Stlim-iilor-Maunoury S, l *"vi C/rn-mblvAu A, Ciourdji U, l>ri- 
Onfwrt MA, Kao CV, ClUPI^y I* IWH MullipUs pitldLiry ond v\ Mr inn di'ki'ts 
in Krox-2-1 (NiiR-A. l^'J' D ii^Sitc*! iuht. Mul F.lvU»CTirHil 1 7.: 11)7-1 22 
t, Srhn^iJrr-Maunuufy S, Topi Ik o I*, Si-tUiutJou T. Lovi Cnhcn-TaniKiudji 
M, Puurtiin S, Babinct C'harnay T 1V*!»:"* Disrnplion ot Krox-2(I n*»ull> in 
.itKn.itti'n t*f i^t'Hiibonivmi ■* -»inl - 1 * "» H'" *-I»--Vi. , U»pin > ; HiiuJhr.iiit. t'lHI 7Ti: 
lt«/> 1214 

V7. I'opilko T, S\*hnci<lrT.Maunuury S. L*VI CJ, Rjknin-V.in livv.rtxXMtfA A, Chon- 
iWi Alt, Scimniilou T, li.ibini!l C. Cb*m#y f IWH Kwtx-211 troiilmls my 
t-liiMliitii in Hir pM-iplKTrtl uinVtmS HVSloiii. N.min- :*7l :7-»<> 7->'> 
Tuurldlottc Wf Milbmndl | l*m:^nsoi-y alaxin .uwl ni\L^lej.pilHHo-lj:**iv 

io n*ui* lackiu>* Ilu* tUilMi'i|Mi*wi l.ulor I*);r3. N.il i'tend ?H:H7 V I 
Tourirlliitii* W^, N.t^iMj^M K, Awytmnji A r Muvllor C, Milbmmit J IViW 
liuVitililv .iM»>i-t.tU*if wilh iru (>miilt!ti*NfHTilUUMj;aiii ■flm.f.t an.) cilif*iwiiN*»TH:r- 
iiii.i in F^v4 ili livU-nl mm*. IX-vvlopxm'lll I2n-S(kil .*V(I71 
IUI TvurtcUMir W<:, N^rajun U, IJjrlko A. Milbrandt ) 2IH«) l oiu tiontjl com 
piMv;,tti«>n l>v Ir.'l ii* -^i" '1-\^|H'ikI^M lurt*iiii>:iii>*, lx'mioiU> a*i*nLili«Mi mid 
Mi Nh t*ndn>-.i'jU*sis M.»l Oil Itiol 2tl:S2<il-!;26H 
101 Hotlu-rrju-tU' lUvicrs M'lVd^ lirviirrs MM. MoniM-Kunl*/ <.\ IVrrvuu C, 
lonuiiu* I, Vifcuior. M^rUm*/ M<: \')h? Ti-Jtlulll.ir ^rtmth ati»l liorinonM 
|Mu\iii'.'U-r> lit Mi»* mill.* SiK-Jl ilwaii" iikhim: AvlO l-.nilivriniJ (C't^unU) llfv 

H)2. dc RcvU-rw MM, Vit;uiui^ivlailii)*x MC. Mariana JC I-<h( FSH. 1,11 ^n.( 
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pa-KiCtin K-vclS «vnr(«n fiillnTul^f dcvolopmt'iit and nvan.m ivj»|H»n>ivcrv»**«i 
ui FSI I in tho SnHI <Jw.ul mou.se. Ac^ii i;pd"Viinol (t't-jivith) UV>: 121-12^ 

U)X K, Pankr A, Cardinur CS, Wagner TK, Yun JH IW3 *.H»n.»dt^n>|Tin 

ttuCri'lKm, synfhi>t:i.':, aikl yjvtw vxpro^sion in homati ••nnvLh hiirnxmL* tT,inN- 
Rcnic inir»« and in Aim-s dwMrf wice- lintl<MTiiiiilojy I .^2. 25 1 H 1V4 

KM. l"»rVs IS, Bniwn MK, Murloy Dl v Wu-lp* t j, Wjplr^ich MP ' loriiahh- 
Uistvrd' , i'S of piluiLiiy development- J t 'hn l-ndoirimil Mct.tt> HA^Vi? 4.171) 

IU5. SUhl |H r Kendall SK, nrinkmpi(»r Ml., (imw TU W*lkin«-«Ti«w ->l ; r 
Ompt^Kamtrt A. Lloyd KV,Cf»mprrSA IVW ThyiOid honmwu' i'. CKKmlul 
for piiutiary M>rnatolrop*.*s aihI Luiniixnn*. F.ailui*rmoln«.»y 140:lH««l~lrtV2 

UK*. Kravr*a.i Cli 2(XJ0 "ITiyn>ld dlf-V-*«»* li*m.%lu rvpruductlon- I Htcril 71. 
IllfH UM> 

107 (Crawiaji GK r ronlikidn* N r KalL%a*i T, l^p/idopoulnti P, 1'aunkovit- J, 

rauukovtc N, Juntos 1.11 1W l>lj*lurUuKVS of nH*nsiaiation m hyixitlty- 

rouli^ru. C lm [ : JMlocrinttl ((.b(f) SUAVwoty; 
10H. Kra-UMN tiC, INxitikidcn N, Kall*«;* T, PapadopOUluw 1*, Kalrinow M l*»*M 

Mi'ii.'.Lniitl di.-iLurhanccf- thymioxkoNts. Clin FniUvrlncd (<)xf> ^l^ll MA 
HW. JianjtJY,Im*i Y,Up»cwM, Sato trJIXJlCluiraLU'ri^ti^'il inU-niliiy in liiu.tK- 

hyptTlhynud (hvl) muv- W«'prifchiflu*n I22:b l '3 7t>0 

I HI. MUt-nluiviC L ( D'Ailftdo €1, Kflly I'A. Woinof Rl 1!W4 hihthilion of (*,ortad- 

n(mpin h»rt , mortv^r\ , K , »wini'» li*»miiiiii* ivIimsc by "nikKti" lrom< ;Tl niMi/uiAal 
tvtl linr* lhr\«U^i pn>laO»n n**\'plt>r.s. IVoc Natl Acifcl Sti l^JA *U:I2-14 1247 

Ml. Horseman ND, ZhftO W, MotiIim inu-Uodi'iRKrfT; r,T*inaka M, N jluudkimj K, 
lji>jl« SJ, Smith T, Markoff I:, Do rih kind K 1*37 iMntivi* iiuinmH»|Vic*iis 
but i>ofJlWt homatnpoio;;tK, n\ mkv with a tiirtfi-to-J difanpliun of the prolactin 
i7 Aiw. liMHO ] U.:^2/.-6V:^ 

11 2. Oimandy CI, Camnv A, Barra J, DAmottc D, Liirju* B, butcau II. lid cry M, 
BrousscN, nat>in«K* r Uinart N, K«Ily PA I W Null mnlalkniof lhi*|wLtclin 
iwvptor jrc-nc j>rtMluivs mulliplv rvpr*k1»CI»vi' ilHivls in tin* iu(nii-c. C'-'Ws 
DCY 11:107 I7H 

1 1^. Panilovlch Wem^iriK D, Co»chicaRn<i KT, Kopchick )f, Dartke A IW 

LVficitN in ftmaK* ifprixtucllvo UinflWm in C il I-lt-KO iTUCi*; n«k- of M:I ; I. 

l^idiw-riiKilopy I.!0:2n37-2MU 
ll'l. Owndra»:hckar V, Kartkii A, Awoniyi TA, Trui-Morrin CII, Pufotf ML, 

Ru^H l.l>, KuprhH'k, JJ 2WI 'IWtUular m.ttKTiiu; fuiwliun in CI] rercptor 

j;iiU* dijinip+i^d nmr. EadocrinoU»|;y l-12:.>M3-^4H0 
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Genetic dissection of mammalian fertility 
pathways 

Martin M. Matzuk*-ft# and Dolores J, Lambt§ 

UrpnftpiKint:,ot T.itholor.y. 1 Molix-ul.ir ;incf Oltufar Uioloey and tMolttUiCv .irul Human Gondii's, aral fcSrotTDep;* Inttiirl of Urolopy, Baylor Clolltye u! 
Mt't/Ktno, Houston. IX MJ.'K), USA 

ifernatl: [niaii.'iik'R'ixiin.iJiK .uUu 

The world's population h increasing at an alarming rate and is projected to reach nine billion by 2050. Despite this, 15% 
of couples world-wide remain childless because of infertility. Few genetic causes of infertility have been identified in 
humans; nevertheless, genetic aetiologies are thought to underlie many cases of idiopathic Infertility. Mouse models 
with reproductive defects as a major phenotype are being rapidly created and discovered and now total over 200* 
These models are helping to define mechanisms of reproductive function, as well as identify potential new contracep- 
tive targets and genes Involved in the pathophysiology of reproductive disorders. With this new information, men and 
women will continue to be confronted with difficult decisions on whether or not to use state-of-the-art technology and 
hormonal treatments to propagate their germline, despite the risks of transmitting mutant genes to their offspring. 



Cfrpitc advances in assisted reproductive 
k-chnofogicx, infertility is a major health 
problem worldwide. Approximately 15% of 
utupies iirt: unable to conceive within one 
year of unprotected intercourse.. The fcrtil- 
. impotent inl of a couple i.s de/mndem <>» 
the coordinated and combined fund ions of 
both male and female reproductive sys- 
tems. A null mii U: defeats, Kametogencsta dys 
function, eudnerinopaihics, innminoloi'ic 
problems, ejaeulatory failure and environ- 
ii lent ill exposures are situiificaiu causes of 
infertility. Although several infertility dis- 
orders are associated with delined genetic 
syndiumes (for example, cystic fibrosis and 
TumetVi Syiidroriie' , ') 1 almost a quarter of 
clinical infertility cases of either sex are 
idiopathic in nature, in pari as a resutl of a 
poor understanding of the Uisic m<:rh;i- 
nisms regulating fertility. It is thought that 
genetic defects underlie many of these 
unrecognized paihnjoyjcs. On the basis of 
over 200 infertile or sublcitile genetic 
mouse models (see Supplementary 
Information Table; also see ref. J), il is not 
xitrprixni!; that the diagnosis of itliopachie 
infertility is common in the clinic* 1 '*. 

In lias review, we discuss causes of mam- 
malian infertility with an emphasis on die 
genetic basis of fertility defects in liuiuans 
and mice. Animal models have defined key 
signalling pathways and proteins involved 
in reproductive physinlof:/'. Mouse models 



have been produced by spontaneous' muta- 
tions, fortuitous transgenc integration, 
retroviral infection of embryonic stem 
cells, cthyinhrosurea (KNU) mutagenesis 
and gene targeting technologies*-". 'Ill esc 
mutations alfect all aspects of reproduc- 
tion, including ovarian development and 
function, icsl is determination, spermatoge- 
nesis, sperm function, genital tract devel- 
opment and function, sexual Ix-haviour, 
fertilization and early embryonic develop- 
ment, and therefore have contributed 
much to our mule rsumding of infertility. 
Por example, male infertility is observed in 
the spom an eo us mutant models hy|«>go- 
nadal (///>£)* and testicular feminization 
{ifnt) w and in models created by transgene 
integration, such jn the. ktsimo mouse 
model (which arose by transgene disrup- 
lion of the Tltcx gene 1 1 ) and retroviral dis- 
ruption of the /Ww", Mlap" and Spur 14 
genes. These models are improving our 
knowledge of the genetic U;l\\s of mam- 
malian infertility ami surest that in the 
future, clinical technologies must advance 
to enable analysis of many more genes 
when an infertile couple enters the clinic. 
Currently, karyotype analysis, sequence 
analysis of the cystic fibrosis transmem- 
brane conductance regulator gene and Y 
chromosome deletion analysis (for males) 
are the only genetic tests commonly offered 
to infertile patients 4 '-'. 



Where it all begins 

Reproductive development and physiology 
are evolutionary conserved processes 
across cutherian mammalian species and 
many other vertebrates, including marsupi- 
als 1 *, amphibians, reptiles, birds and 
fish'" ,v . Several genes required lor verte- 
brate fertility arc also highly conserved in 
evolution, with orthologucs in llrosaphila 
niebwosuster (for example, ivitfi (DDX4), 
fat fatw (D1TRY) and boule (DA/-)* 3 '). 
Proposition of the verlebiate germline 
requires development of the gonads, the 
site of future gamete production. The indif- 
ferent gonad forms during loctal develop- 
ment, primordial genii cells enter the 
gonad priinordium and the tissue eventu- 
ally differentiates along a female (ovarian) 
or male (testicular) pathway; this iliflTcren 
nation dictates the formation of the sec- 
ondary sex organs'*'. Although there may In* 
spatiotetnpural variations of these proress- 
e.s in different species (for example, in mice 
and humans, gonadal sex determination 
occurs in utctt\ whereas in marsupial 
mammals, it occurs after birth), they evcu- 
Uuilly yield ovaries thai produce eggs or 
tesies that generate spermaio/on. 

Defects in sexual differentiation path- 
ways can cause infertility in mice anil 
humans of both sexes (Pig. I)' 1 '*. In 1959, 
through the analysis of human XO 
(Turner syndrome) females and XXY 
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fiCK rgvorMl (SOXD. SHY, 
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CI3AVD (CF7W) 
PMD5 {AMH. AMHH) 



Hypergonadotropic 
Hyrioyonadism (GNRH. HAS , 

PCI. CNHHti, (XR PCSKfj] 
Piturtrtfy/gijrtottolr<H>in delects 

Steroid biosynthesis ( SIAR. 
CYlvi. rnn t cypit) 
stnroUj rriolabolism (SRQb, 
SRD'JA) 
^Steroid action (A/i, rSR1) 



Genetic aetiologies of 
human male infertility 



MytiiunR; Uystrouriy 

(DMPk) 
Noonan syiWiWv {Pi PN11) 1 
SiCkli: cftll i it morn iu {HOD) 
|l lh;»l^i*uomkT {HBB) 
KoMogortor syndroms 

\DNAli,UNAH5) 
f 'rlm.tr y olkiry dyskinesia 

Fanconi anaemia [t-ANCA) 
Attxia trd.-itV|iixJnt;io 
(ATM) 



Ktintrfftftot Ayiviiorno 

(XXY-XXXY) 
Mlxod gonadal dysoeneftm 

HGX/1UXY) 
Iran stomal tuny {inc-lmtinf) 

Inversions 
Dolotiona 
Y Cnfiji^flyiimo rtitcrodetoiions 

XX r»K»lc 

XY tomato 



Sperm production and funcUtin 



Chromnscmol 
(wmorieul/irtruclurai) 



Hguro ! (Genetic oeflolo^lo* of human male Infertility- l>evcto|>niunlui disorders causing iiumon moto 
inhirlilify r<isu!l from a fnifcao <»l ri»f mdu! dcvolopinnnl or tostis rtntmrttxifiari, cneiocrinoporhios, wf:il 
known gcnolk: syndromes, dno murtOnOtl ciikJ structural chromosomal ol>riOfrna[iliu> {l/amfocotioni, 
Ode t iurn ynd irwcriarts). 



(Ktcinfeltet syndrome) males, as well as 
XO mitt XX female mice and XY male 
mice> it was concluded that the Y chromo- 
some Wits illrtli* determining** 
Subsequent chromosomal ;nul genetic 
studies of humans and mice with sex 
reversal syndromes and infertility revealed 
that many XX males have translocations of 
a small pietc of (he V chromosome, :> o that 
the determining region Y gene [SHY) 
results in testis development. Similui ly. XY 
female* ofien have inactivating muUtimix 
in the NNVgcnc, resulting in I he develop- 
ment of ovaries A critical role of Sry in 
sex determination was Confirmed by 
showing that the expression of an .Sry 
tiansgene in an XX mouse causes testis 
formation, and physical and behavioural 
sex reversal*'. Most SKY mutations disrupt 
the high mobility group (HMO box of 
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the SRY protein; not surprisingly, this 
region is highly conserved among differ- 
cot species". HMO box -containing pro- 
teins typically hind and significnndy bend 
UNA ami function as transcription fac- 
tors or facilitators of transcription. 
Several genes upstream and do w ust ream 
of SKY in the sex determination pathway 
are now known (reviewed in ref. For 
ex.nnple, XY female sex reversal correlates 
with a duplication of the human X -linked 
gene DAXt (rof. 33 J or hapIoinsufTiciejiey 
of the autosomal $QXV gene 1 -' 4 \ 
Interestingly, whereas an extra Y chromo- 
some tthat is, XYY) has little effect on 
human male fertility because of the 
selected loss of the extra Y during sper- 
matogenesis"* Klinefelter (XXY XXXXY) 
males account for 10-15% of a/oo.sper- 
mic patient. v 1 ". 



From a distance, they will 
come 

In both sexes, the primordial germ cells 
{FC(» aa* definetl histologically as alka- 
line- phosphatase- posit ive. embiyonie 
eells w,<0 . In the mouse, these cells divide 
vapidly under the influence of transform- 
ing growth factor-3 (TOl-'-P) superfamily 
signals; knockoiu models lacking bone 
morpltogenctic protein-4 (KMJ'4) or 
HMF-tfb, or the d<iwnstrx*am cytoplasmic- 
to-nuclear reUy ]>roteins, SMAPI and 
SMAD5, have deftvts in Vi iC develop 
mem 41 4 *. At mi<l-geMation t ihe PCCs begin 
one of (lie longest journeys of any mam 
mnliao cell, migrating fmm their origin ;U 
the base ol'lhc yolk siic, along the hind gut, 
to eventually enter the genital ridge, factors 
required for thus migration in humans are 
unknown* although chemoat tract ants and 
cell adhesion factors have been implicat- 
ed*'. In the mouse, mutations in Kit .recep- 
tor (KITR) ;tnd Kit ligand (KVII.) genes 
block PC^C migration* causing infertility, 
but not altering sexual differentiation". 

Few known hun utTunutal Ions result in a 
reduction of the FGC or follicle pool, 
although girls with Tumors syndrome 
(partial or complete X -chromosome 
i mi i ioMnny)Jr.rve streak (remnant) gonads 
with no oocytes. Many Turner's syndrome 
cases with ovarian failure seem to be caused 
by loss of the slmrt arm of the X chromo- 
some-. Among the candidate Turners syn- 
drome ovarian failure genes are Z/ ; X, 
nMPtS, VHEl and USP9X (rof. 2). An 
absence of /.fx in mit:e results in a loss of 
germ cells and subfertilily in both .sexes"; 
loss of HMVI5 in sheep causes a block at the 
primary follicle stage and infertility 4 *. 
Studies in XO mice suggest thai abnormal 
chromosomal segregation contributes to 
germ cell problems 4V » indicating that multi- 
pie (actors are responsible for these human 
ovarian abnormalities. 

Death in the germlme 

In females, quiescent primordial follicles 
(o non-gi owing oocyte surrounded by 
squamous granulosa cells) form during 
prenatal life in humans and post-natally in 
mice* Hecruimieiu of these follicle* during 
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tiginc 9 Genes Involved In the regulation of mole reproduction in the mouse. Spormaloyonosk 
K.quiios o comptox in I or cj<: I ion of Iho vorlous collular compel Imortls ol Iho loslis (soniinifoious cplfw- 
Rum conluDiirig spot mutagenic; cells. SuHoli cclli and pcrilubulur rnyoid tells, Uvo » ilcrsliliul cdl com 
F >c if ifTujf ii co"UiMrtu Ukj iiooMogrjinc i uytfin '^oaophocjos, one* on*** inJeritilioif'OHs, and iho 
vns^tilriliim). taiortlorl lYhitolion of rn* «^nw shown nfforte spftriftr. teslir.utor coll typfis nnci rrspro 
ciwtittvo ft inc. linn, rmulting in mnl« infoitilily or suhfnrtilily in Iho mouse; (dotation* in tho Supplonmntary 
Information la We). 



ovarian folltCulogenesix pen nils further 
growth and development of oocytes. In 
males* .i[H a rmalogencsis in charactci iy.ed l>y 
t hive s| wc ilk fu net i onal phases: pi t >li ("era - 
lion, meiosis and sper ovogenesis. The pro • 
lifcrativc phase in the testis begins early iri 
embryonic development, and with the 
exception of a brief period when spermalo 
gonia arresl during la(e loeUi! and early 
puNtiiaLil life, lliey proliferate actively 

Nature Cell Iliolony &. Mnruro Mftdtcina 



lhu)ughiuit life. S|>orn\aU^t)iital stem celU 
were tnu* of the fiiM recoi*iiiyjL'd cx:un()les c»f 
iulull slum cells Capable uf rL:juvcnaliiig 
spermatogenesis after toxic insuli^. In 
coiitr;isi> llie ft»rmnliun of priniordiul folli- 
cles in females defines a finite endowment 
of (Nicyies. lielween the lime of oviiry 
development and reproductive sei|iien(X' r 
there is a precipitous drop in the number of 
oocytes. In huxnaiis, seven nullion foetal 



germ cells ai 20 weeks arc reduced to two 
million oocytes at birth, and eventually to 
300,000 at puberty™. 'Ilius, factors that 
pre.nalally and postnalally rtyiilaU' ^erm 
cell jturvivtil in the ovory can prolong the 
reproductive lifespan. 

The spennatogonia proliferation rate, 
the highest in the body> is well rej-ulatetl: 
(bus, it is not surprising lliat yyiu^ 
inv<>lv^l in growth (for example, Kit t Csf 
and Rmp$b) and apoptosis arc also 
required for normal spermatogonia (Mg. 
2). 'Hi is stage of spermatogenesis is also 
noteworthy for it.s inefficiency; in r;ils, 
'/$% of spermatogonia do not survive to 
become mature Gpcrm M . A balance of 
anli-apoptotic members of the JK!l^ 
family (that is, HCA.2, lHIlA, liCl.X, and 
lUJW) and the pm-apopUuic HAX pro- 
tein is extremely important in the regula- 
tion of fttirm cell survival prenaiiilly and 
post na tally in both sexes, and in response 
lo toxins in the ovary 1 * w . It in possible 
that defects in this delicate balance of cell 
proliferation and Cell death Contribute to 
(he clinical pathology °' bypospcrmalo- 
}>cucsis (all cellular elements of the testis 
are present, but at low cellularhy). In the 
mouse, an absence of 1K-LX results in a 
complete loss of germ cells before: birth in 
both males and females; furthermore., n 
lack nf IUJI.W rcMilU in a partial reduc- 
tion of TGCs in females, whereas an 
absence of ftCL2 residts in only tlecivased 
oocyte numbers post nai all y l2 -'" , - v '. 
Absence of either HAX or KC.I.W causes 
niale in fertility, ;ind absence of HCL.6 
causes n»ale subtext ilily, a^in suggesting 
That a balance of'apoptotic/anli apoptot - 
ic factors is necessary for normal sper- 
matogenesis. In contrast, a prolonged 
female reproductive lifespan occurs in 
the absence of HAX in mice, consistent 
with its pro-iipopiotie role" 0 . Polycyclic 
omnia lie hy^lrocarbojis in cigarette 
smoke and air pollution bind to the aryl 
hydrocarbon receptor to stimulate tran- 
scriptional activation of Iht.w thereby 
enli anting opoptosis and oocyte loss 1 ' 1 . In 
the I'ulurc, factors that inhibit the BAX 
pathways or stimulate the ami apoplotic 
pathways could prolong the reproductive 
lifespans of women. 
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\ Kjtvr.' 3 Spermotogenle failure In the human. Spf.tfi><iTnoK>nosi ( ; in tho human is chaiuclorkod by vx 
•:lo<jm thai tvo prosonl in a mosaic: knrwn in Hit; voiYw-vfnmur. lubuia. Normal riumctn SrjurnKitOfjO 
rwsij with Sertoli eclh. {SCJ si^iciHilo^nin {No) towards the baixal portion of the lubulo. sixirmnio 
i:yrec (Scyto] ond mriiurfnn tiimrmorirk (Slid) located towards the lumen ol Iho tubule. Iho rahulcr. 
cut? surrounded by porituDUOr myoid cells (F*T|. Tho inlctsliliut oieu conicinc the ^tftrofdogenic leycfig 
K-aiW t»ml <j>t.aotf! lotfrKtornnn. b, An cuirnpk? ol II io mo.l tfivfriti toxhculnr pnlhotogy, with a lotol 
oi-*ftnr.A of flcrm colk ond a Sertoli cull only i mtholocjy. MilrJ rhici.fining of tho purilubukv tuycr is CilSO 
ntanrved fevrews: pmilubulm librouv]. c, A lotc ma turn Hon arrest. Trio mosl rnuluiC CuP lypC present is 
tho lound 'jpof nuiiiU. d, Anoxampln of r typospormotogcucso. wricic oil cell lypot CtfC* prov&ir lit the* 
lu^ki. but with (.i low U:vol of collulrjrity within the sot ninlta ou* MXitO, 



Meiosis, recombination, the 
integrity of the genome 
and more death 

.Ylt-ioxi.v in a process of cell division thai is 
unique to germ cells and is required Tor (lie 
production of healthy haploid gametes 
(revicTwed in gnr.itcr detail in ref. (>!!}. f lllis 
process cvnlulionarity important lor 
bolh the integrity ;md diversity of species, 
as recombination ol' homologous chromo- 
somes occurs during prophase of the first 
niL'tot i\ division, helping to orient chromo- 
somes on (hi* mcioiic spindle, as well as 
iniroihuiiiK genetic variability. Male sper- 
matogenesis is initiated posinaially (in 
mice at po.stnal.il day 7) ;uul is a coiiluUi 
ous process producing spermatozoa. 
Proliferating spermatogonia differentiate 
.u i<l enter niciosi.s ;us .s|>ut'matoCytes. In con 
tra.sl, tKigeiicsix is initialed prenatally (in 
mke ai embryonic day IJV). arrests initially 
at ilie diplotene stage of lueiolic prophase* 
resumes wilh the preovulatory Uilemi/ing 
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hormone (U 1) surge and arrvMs again oflcr 
the iiiM polar body is released before fcrtil- 
i/.atioiK 

Despite sexiuil dimoiphism in mciosis* 
many reKuUiiors of the process are coin- 
moo to the };enn ca:IJs oI"1k>i1i sexes. In the 
nbsence ol these pixiurins^ [ii-opfiasc arrest 
and «tecompanyin^}'eriii cell deadi ot ttnr in 
male and female germ cells. Infertility in 
bolh sexes is observed in knockout mice 
lacking (he recombination and 1>NA dam- 
a|;e/inisiitatch repair proteins, SPOll, 
OM<J, ataxia Urlaii^iuc'laNia (AIM), 
MSH'l t MI.IU, anil MSI 15 {rci's f>.V74). 
MiHation.s in ATM and Kmcnni anaemia 
( t ; A) complementatioi)-Kroup-p r ot^'" 
genes restdl in fertility defects in humans 
and mice of both .sexes (I'ips 1,^). ATM is 
involved in DNA metabolism and cell cycle 
checkp*»int control '\ whereas I : A is a 
hereditary chromosomal instability syn- 
drome'"'. 1 ; A men are hypogonadal, 
olig*)S|x*rmic and rarely fertile; 1 ; A women 



can experience premature ovarian failure in 
tlicir 20s, Several l : A mouse models have 
been created and display reduced fertility' 77 . 
Thus, similar mechanisms for j'.erndiiie 
monitoring are conserved in mammals and 
in l>oih sexes. 

When the germline'prtKifreading* system 
£oes awry id an othcrwiM;*noriiud > individ- 
ual, there are major consequences. Despite a 
normal somatk karyotype, sperm collecled 
fron^ t)ligospermic men exhibit an 
increased l*tx\)iiency of chromosomal 
at?normal ilics 7 "* 71 *. Aneuf^loidy is the nu»sl 
comnion gcnelic abnormality in (11110^11^', 
and the common trisomies (for fxaniplt*. 
trisomy 2 1 (I >nwns syndrome and Irisoniy 
IHJ) arise primarily in the children of aj;eing 
women through non-disjunction delects 
during ihe llrst meiotic division*' 1 . These 
findiiuyi are exempiiHed in mice Licking 
synaptonemal coni[>les protein 3 (SYCW), 
which liiuctions in synapsis (pairing) <if iIm^ 
homologous chromosomes durinj; meiosij;. 
SycpJ kncK'kout males are infertile; females 
art; sub fertile, exhibiting loss of uneuploid 
embryo!^ 3 *' 1 . I merest iiigty. germline dele- 
tions rcsuUinj; in Duchemic muscular clys 
trophy (DM1>) more often arise during 
oogenesis, whereas L>ML> point ruinations 
resuh more commonly from somatogenic 
failure* 1 . Hils suggests that some proofread 
iiu: mechanisms during male and female 
gameto^iesis may iMtkr (see :il-so ref. 

Hormones take control 

After sexual maturity, all stages of sper- 
matogenesis (male) and folliculogenesis 
(female) are observed,, the end result in 
each ca.se being gamete production, 
i typothalamie pituitary control of gonadal 
somatic cells is critical lor fertility in all 
mammals and in both sexes (l'ig. M 
reviewed in refs 85 KB). Gonadotropin 
releasing hormone (<mUII) from the 
hypothalamus regulates the pituitary 
gnnadotmjx' production of follicle stimu- 
lating hormone (I'SII) and l.l I, ft \S hel- 
erodimers that share a conunon Ot sub unit 
with placental human chorionic 
gonadotropin (hCC) and pituitary thyroid 
still) u la tin^ hormone CJ'SI 1). Spontaneous 
deletion of the hypothalamic GnRU 
encoding sequences in mia* (that is, Itp0, 
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mulnlion of the human (JnIM I prtxicssiiig 
enzyme gone (/O), disruption of develop- 
mental migration of the GnKtl neurons in 
hun inn KaJhnun Syndrome, or mutation of 
the ilnHII receptor gene (expicsscd in 
j»on;Hlotro]5es), results in by ^gonadotrop- 
ic hypogonadism (1111(1) and inlorl ilily 
(l ; ig. 1J. LossoJ -function mutation* in the 
pituitary expressed hSll|} genes und 
gonadal- ex pressed h'SU receptor genes 
decrease testis si/e and spcimato/.o;i counts 
in men and male mice, and cause a block in 
Ibllk ovigenesis and infertility in women and 
lemalc mice. This cmphasi/ex the. conscrva- 
tion and importance of these signalling 
pathways. Similarly, pituitary glat id develop- 
ment and downstream steroidogenic path 
ways are conserved in humans and mice and 
arc critical for lei'l ilily in both .vexes. Nu 
example* a homozygous Prop I inisseuse 
mutation causes multiple pituitary defects in 
the Arucs dwarf mouse, including defects in 
gonadotropc differentiation and infertility 
in al! female and most male mice. Similarly, 
human PliGi'l mutations cause combined 
pituitary hormone deficiency, including 
HH<) and infertility (I'ig. I). 
Members of the steroid receploi super 



family and their transcriptional coactiva 
tors (for example, AR, l-U, l>k. KXKfi>SH, 
PAX l,;md SKCl ) arc pivotal in the regula- 
tion of reproductive function. Disruption 
of any of the genes involved in androgen 
biosynthesis* metabolism and action nega 
lively impact male development* sper- 
matogenesis and function. Spontaneous 
mutations of the X -I inked androgen recep- 
tor gene in XY mice (that is, tjtn invrkufur 
feminization)) and humans result in indi 
viduals willi abnormal testes, no ductal 
syslem and external female genitalia 1 ^ 
f li 1 1 p://ww?.,nK:i»ill,ea/a rulrogendb). 
Absence of steroid rvductusc, which 
converts testosterone to dihydroiestos- 
terone, r«ulus in external female genitalia, 
prostate absence in XY humans and devel- 
opmental disruption of the male ductal 
system (that Ls t seminal vesicles and 
prostate J* 1 * 1 . Similarly, mutations in the 
orphan nuclear receptors* steroidogenic 
factor- 1 (Sl ; l) and DAXl, have been 
described in mice and humans; mutations 
in DAXI cause almost universal HHCi in 
adult humans tl'ig. I). 

Not surprisingly, oestrogen and proges- 
terone are key to early folliculogenesix and 



corpus luieum maintenance of early preg- 
nancy in the female'' 3 . Targe led deletion of 
oestrogen reeej>tor<X in mice revealed that it 
is nUo ret|uirotl for itwlf ferl ilily and for 
male and female sexual behaviour 71 . 
Similarly, the progesterone receptor (also 
required for female fertility) is important in 
sexual behaviour in the mouse.** 4 , hi die. eval- 
uation of the. infertile couple, assessment of 
circuUiling homione levels ( l : Sl 1, 1 -1 1, testos- 
terone, prolactin and free testosterone in the 
male; l ; Sl I. LI I, ocstradiol and progesterone 
levels in the female) can provide important 
information concerning the function of the 
hyptrthalamic-jMtuilary-gonadal axis and 
the presence i»f eiulocrinopathies. 

Spermatogenesis has many 
unique players 

Spermatogenesis requires not only the 
appropriate hormonal milieu* but also 
autocrine, paracrine and juxtacrinc sig- 
nalling between the various testicular com- 
partments. l*he testis is composed of an 
interstitial cell compartment with andro 
gen producing lx*ydig cells, and die semi- 
niferous tubule containing Sertoli cells, 
peritubular myoiil cells and genu cells. 
Whereas follicles are recruited each cycle to 
enter the ovulatory pathway in females, all 
stages of spermatogenesis are present al any 
one time in different (ubutex within (he 
testis. Thus, the wave of spennatogencsis 
resulting in development of mature sperm 
is a spatial cycle rather than a temporal one. 
The importance of growth factors and 
cytokines, their receptors and signal trans- 
duction pathways to gai "Oogenesis cannot 
be uTidcrc-Miinalcd. For example, deletion 
of mouse fkvert hedgehog (Dlth) affect* tes- 
ticular development, resulting in ;tnaslom- 
atic seminiferous tubules and an absence of 
adult tx'ydig celLs. Similarly, the insulin-like 
gniwtb factor (^x/O null male mouse is 
eharaeieriyed by vesligal vas deferens, 
pntxtate ami seminal vesicles, caused by a 
steroidogenic U*ydig cell delect. 

Once iiiah; genu cells complete mciosis 
to achieve a haplotd chromosomal contple- 
mem, i hey are called spermatids. 
Spermatids undergo a process of cellular 
different ui ion known as sperm iogenesis, 
progressing fnim round to elongating to 

546 
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elongated Npeimalids, culminating in the 
development of spermatozoa. Many male- 
specific genes arc involved iu this extensive 
cellular irrntKlcl ling and concomitant con- 
densation of the chromatin (for example, 
7 '///>/, Tnp2 % I'nnly I r rw2> 7fa$untl IkfM)- 
2y see 2). In common wiih ninny of the. 
Y chromosome t-i'iiL's lh;il encode RNA- 
hiiulin]; proteins and are implicated in 
human infertility, an absence of similar 
proteins in the mouse, such as STYX, dis- 
rupts spermatid development'*. After 
spermiogeiiesis unci relea.se of the sperma- 
tozoa from l he Senoli cells into the semi- 
niferous tubule lumen, acquisition of 
nuuility occurs during transit through the 
epididymis and capaeitation occurs in the 
oviduct (fallopian tubes)' of the female gen 
ital tract. Both of these proces:,es are 
required lor effective fH-uci rati tin of the 
zona |H*llui*ida and egg. 

In the evaluation of the infertile male, a 
semen sample is ordered to determine 
sperm count,, motility ;md morphology. 
Some laboratories perfonn sperm fund ion 
tests dial predict defects in sperm— zona or 
ei»', interaction, or in penetration. 
I lowever, semen analysis is not a definitive 
test of the iertihly potential of an Individual 
unless l here are no sperm in the ejaculate, 
'litis is also true in mice. Ix>r example, 1^1 1- 
|i mutant mite exhibit reduced sperm 
counts, Inn fertility is normal'"'. Conversely, 
many mouse models are infertile and 
demonstrate abnormal sperm function, 
sperm motility {for exam pie. Apolt* 
CtttSpci\ r>tuilh t t Ilm t \>b2md lias knockout 
mice), or morphology (for example, Tttp2, 
Tnpi and Sperm 1 knockout mice) with no 
detrimental cfleel on sperm count. In addi- 
tion, targeted deletion of the Arc, AtiumJ, 
AtUmtM itiliHt'n'm, l*c-l, Spttm t, Spnt\ 'l'rg2f\ 
hi[2 or Mdhr7 genes results in normal 
speim count, motility and morphology; 
however, sperm function is defective O r ig. 
2.). As a majority of unexplained cases of 
infertility in human males result from sj>ei 
malngctiK delects (I up. .*), the homologues 
of the above-described mouse geue.% are 
at lively bring pursued for their possible 
role.s inhuman infertility. 

Chromosomal abnormalities arc 
observed in S.K% of infertile male:/' 7 and 



Figure r> Mouse knocKOVf mooeb U> study follicu- 
logenesls. a, Tnrrjrstrvl mutation of t|«j oocyte- 
sccrokyJ growth factor, drift, rafrilft in on onrty 
lolliculoycitosis Mock, resulting in on ovnry with 
only | wcmntOiul (P) una 1 nwimuiy (1) rolidrs'" 1 . k>, 
Arr.r>nr.n of The endocrine hoirtionc. FSK rosulrs 
in a Icrtnr block at rho fcoe.otXlory (?\ to anlrul lol- 
li<:lc transition* c. rivosc? knockout nrwifft con 
kuil wilh wikJ-lypo ovaiios that contain ym OW 
klilOfv (PO| (officios and corpora lulea (CI J. 
lVmx«V to croyvululofy-uloyc oocytes aro sur- 
rouivdnd t>v o ;or>0 OO&uCkJO [inugunfa). 

more commonly involve sex chromosomes 
(4.2%), iis opposed to autosomes (l.f>%; 
lug* I ). In addition to SHY, other Y chro- 
mosome ye ties are required lor spcrmuto- 
genesLs. Hi is became obvious in the XX Sxr 
Hiak: mouse and the XX vSVytransgcnc pos 
itive male mouse, which are sex. reversed t 
but display spermatogenesis blocks 11 . 
Similarly, a region at Yql I that is deleted in 
several infertile men was termed the 
:iy.oosjxtnnia factor {A//-} region*. In gen* 
era!, the reported incidence of deletions in 
this region in severe oligospermtc/nzoosper- 
mic men is 10 18% and varies depend inj; 
on the stringency of diagnostic classifica- 
tion*'. This region (now further subdivided 
into Ay.hu> A'/.Vb jiWiX AZIt), contains sever- 
al genes involved in spermatogenesis* 
including deleted in azoospermia 
{DAZ) 1 ^ 10 * > In the nmu.se, disrupt ion of the 
testis-cxpressed Darfu honioloj;ue jyne on 
chromosome 17 abrogates gamete prodnc- 
lu>n. Other pu I alive cvohuionarily con- 
xerven) s|H'nnaloj^er)esis genes have been 
map|K'tl to Y chromosome regions com- 
iiMinly deleted in inlcrtile men (reviewed in 
ref. 00). Mutations in the human j;ene 
USV9Y (ubiquttin S)*>ecific protc:Lse Y 
diromosome or IM : I : UY), a hnmoJoguc of 
the P. tttvUtruyuytiT oVvelopmem* /y// facets 
gene'- 1 , cau.se infer(ility ,t,: . lumclional anaJy- 
si:i of atlcltlional Y chromosome genes in 
the mouse has been complicated by I he 
presence, of multiple copies or X- chromo- 
some- homologies, as well as technical dif- 
iK-ulties related to the low efficiency of Y 
chromosome homologous recombination 
in embryonic stem cells. However, it is 
expected that the recent and exciting tech- 
nological breakthroughs achieved by 
Dishop and colleagues 11 ", who developed a 




method for sua:c\ssful gene targeting of the 
Y chromosome in embryonic stem cells, 
ami the development of an embryonic stem 
cell line"" 1 that will facilitate germ line 
transmission of Y chromosome targeted 
genes, will rapidly translate into an 
enhanced 1 understanding of the role of s(>e- 
cifie Y chromosome genes in male repro- 
ductive function. 

No crosstalk in females, no 
folliculogenesis progression 

Although several proteins are involved in 
ovarian follicologcnesis, meio.sis, and 
oocyte survival, oocyte -somatic cell 
crosstalk is especially critical lor release of a 
fert disable egg (l : ig. 4 and ref, 103). 
Without the helix-loop-helix protein factor 
in the germline a. (I K.^x), pre-granulosa 
(somatic) cells fail to form a moni>layer 
around individual primordial Oocytes, 
resulting in rapid germ cell depiction from 
the neonatal mouse ovary and sexual infan- 
tilism 106 . Similarly, oocyte growth during 
follieulogenesis is regulated by signalling of 
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i;r;uuilo.s.i KITJ. to the oocyte expressed 
KriK 4 '. KI'I'L expression is controlled by 
hoth hormonal (VSi\) and oocyte (growth 
differentiation factor 9 l;u uirs"", 

hi the absence of the T(!J ; -|1 superfamily 
ligand Gl)l ; 9 in mice 1 "" or its clow oocyte - 
sjteciltL humologur, BMP- 1 \ in sheep 4 *, an 
arrest in foMiculoj;eoesis at the primaiy fol- 
licle stage is observed (l ; ig. 5). I'Sli 1ms no 
effect on the 'arrested' primary loll ides of 
* knockout ovaries 10 *, su.wsung dvt 
GDI--*) allows (Ik* iu'anulos:i cells U> grow 
aiul acquit e the lompctcucc to respond to 
I'Mi. Absence of < ;i)l ; - L > results in elevated 
levels of KITI. ,<P \ which signals back to 
markedly increase oocyte size 1 **. These 
findings were confirmed by studies show- 
ing that recombinant CDI'- 1 ) downregu- 
lales levels of Kitt mRN'A"". In addition to 
(Kh yte factors, TrSI ['"' functions with KiT-l 
fl>y stimulating cyclitt 1)2 and oestrogen 
synihcsis) ,, "* m to regulate the growth of the 
Iblliclc through the preovulatory stage 
(Fig. 5). In prc-ovulatory follicles, LI l> in 
Conjunction with the oocyte -secreted pro- 
teins { ; I )l : -*) it i id IJ MP- 1 f», signals to aomat- 
ie cells to initiate ovulation of a healthy 
cumulus oocyte complex (CO<l). 'Rius, 
important crosstalk I km ween somatic celts 
and oocytes as well as endocrine signalling, 

is necessary for norma] follicillogencsis and 
trvichil ion, 

tt>st- fertilization, Muter { maternal anti- 
gen that embryos require) and several other 
Itcnes (including Ptitiiihh /Vm2 and Itsft) 
(l ; ig. 'IK 1 lave been identified by knockout 
nit* use studies ;ts maternal el feci (oocyte 
syrtihcsi/rd) genes U»at ore essential for 
development"*, The human homologue of 
Mater has been identified and may be a 
candidate gene for premature ov:iri:m fail- 
ore'". Similarly, several uterine proteins are 
required for implantation (Fig, -I and 
rot. 1 1 4). Thus, these: si m lies have pin point- 
ed multiple putative diagnostic targets in 
women who present with infertility. 

hi women, several syndromes — inelud 
ing ovarian faihnx* and infertility arc 
attributed to autosomal recessive muta- 
tions^"'*. ltlcpharophiniosis/pl<isis/epjtan- 
i litis inversus syndrome, the only autoso- 
mal dominant disoider associate*! with 
premature ovarian failure 0>Ol ; K is caused 



by ruinations in the forkheud transcription 
factor gene [FOKiJY u '. Expansion of ;i 
CGG trinucleotide repeat of the Xq?7J 
fragile X mental retardation gene {VMRl) 
to over 200 repeats Ls the mast common 
heritable cause of mental retardation. 'ITie 
unstable premutation FMIU allele (60 19V 
<:(;<; repeats) causes VOV in 21% of bet - 
cro/.ygolc carriers and increased twin preg- 
nancies"', Furthermore-, 2% of sporadic 
cases and 14% of familial cases of I'd*' are 
associated with the premutation allele. The 
pathophysiology of the premutation allele 
in l*OF is unknown, but this limlilig clearly 
represents a step forward in identifying a 
genetic locus for L'OH 'lb date, all other 
identified single gene autosomal dominant 
or recessive mutations with isolated infer 
til it y in humans allfeci steroidogenic or 
gonadotropin pathways, often in both 
sexes. However, many candidate genes 
await analysis in human idiopathic infertil- 
ity cases. 

Descent of the testis and 
problems with sperm transit 

'le>bs determination and gametoi;enesi.s are. 
necessary, but not sufficient, for male fertil- 
ity, as testicular descent clown the inguinal 
canal into the scrotum, in addition to the 
development of the genital tract and penis, 
are also critical. Mlltatk>ns of the mouse 
genes ///$/>*, <Jt\Utt (C protein Coupled 
receptor that affects testicular descent; a 
possible relax in ivceptor) ami ItnxnJO (refs 
1 1 H 122) result in male infertility second 
ary to cryptorchidism. The second phase of 
testicular descent ivcjitircs androgens and a 
functional androgen receptor. In humans, 
cryptorchidism results from anli-Mullcrian 
hormone tAMM) deficiency caused by 
obstruction of the genital tract. 

Gonadal sex determines scconda ry duct 
differentiation. In females, the MtiHerian 
duct differentiates into the oviducts, uterus 
ami upper |w>nioo of the vagina; in mates, 
the Wolffian duel differentiates into epi- 
didymis, vas deferens and seminal vesi- 
cles' WJ,l -\ The Mollcrian duct regresses in 
response to prenatal production of testicu- 
lar AMI I, and Wolffian duct development 
requires testosterone. DirTercntiatiou of 
the prostate and male external genitalia is 



driven by dihydrotcstosicmne, a product of 
the conversion of testosterone by 5 <x 
reductase. Mutations in genes that affect 
steroidogenesis (for example, 1'45() aro- 
matase {CYP19) and f>-a rciluctase) aiul 
steroid sij;iuilling pathways {for example, 
oestrogen receptor a (KRa) and androgen 
ntxeptor) have deleterious effects on genital 
tract development and function in the 
male. Thus, it follows thai pseudoher- 
maphroditism occurs as a result of defects 
in £cncs involved in gonad formation (for 
example, SFl and W/7). Mutations of the 
AMI I or AMH receptor yyncs result in pet 
sistence of Mullerian duct syndrome 
U'MDSK resulting in obslniclive azoosper- 
mia and fertility defects in men» male ilogs 
and mice (fig. I and ref. 123). 

One to two per cent of infertile men prcs 
ent with obstructive azoospermia caused 
by congenital bilateral absence of the vas 
deferens: (CRAVI)}, as a result of mutations 
in the cystic fibrosis transmembrane con- 
ductance regulator (OTR) e.nie t,, M . llicsc 
CBAVD patients successfully Tin her oil 
spring because microsurgical epididymal 
sperm aspiration yields 'normal' sperm for 
hi vitro ferlili/ation {I VI 1 }, Male fertility 
also may be compromised by epididymal, 
ejacuhitory or erectile dysfiuictioinas well as 
hy other c'jonjjenital anomalies. 

New technologies and per- 
spectives 

Genome, ^eiie and cDNA sequences an* 
beinjj ck[H>xited into public database's (li»r 
example, the National I 'enter for 
Biotechnology Information (NCBt; 
http://www.nchi.iilm.riib.gov) or the 
Wellcome Trust Sanger Institute 
UutjW/www..sangcr,ac.iik)) with ama/.ing 
speed, furthermore, programs to search 
these databases, such as BLAST 
( h 1 1 p://www. neb i.n 1 m .i i i h, go v/ blast ) an d 
the Unigeiie database, at NCBI, arc helping 
scientists to use this wealth of in format ion. 
In particular, sequences unique to mam- 
malian germ cells have been identified 
using an in siliat subtraction (electronic 
database) approach' *\ l : or example, CAS'A 
( gc rm -cell spec ilie and ankyrin repeat, 
sterile Cx motif and basic leiicine-y.ipper- 
containing protein) was identified as a 

S47 
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novel cvolutionarily-wivcci'VLxJ germ eell- 
e\ pressed gene lyiii); adjacent to the OTR 
gene in human, diiinpai»/.L-L\ Ixihoon, cow, 
nil and mouse 1 l'Uilcliou:iJ expression and 
st'Cjiu'iuv data is also Ijciiij; eollated into col- 
lections, Mich as i J if Ovarian KalekloscojK- 

database (http://ovary.sliijiforil.cilu>, I he 
Male Reproductive Oenetics database 
(lu(p://iiiq«,|;cn<Mic.s.wasJiiiij;toii,( l \lu/homo 
.hi ml) and I ho GermC inline database 
(hUp://^cm)ortl!iu\i};h.cn rs.fr). With the 
use of niiccoarruys for expression analysis of 
reproductive tissues'-', those 'hits of data 
will increase cxjxmeniially-. 'Ilicrcfore, there 
in an urgent need for bio informal its 
advances to facilitate compiling and sorting 
through ill is wealth of hi Stt/a> in Ion nation 
lor future applications in the clink, 

'IWhnnl(i|;ical procedures and advances 
in the cJink* are also wrought with some 
controversies ami dilemmas. Of particular 
importance, I he application of assisted 
rep rod i ict i ve technologies (ART) for 
severe male and female factor infertility 
.serves <o not only overcome sterility, but 
bypasses natural harriers to the inhcri 
lance of defective f.enes. This results in 
considerable concern that genetic defects 
will be u-aiiMiiittexl to the next generation, 
An tout* these controversial treatments are 
KiSI (iutmcytoplasmie sperm injection), 
cytoplasmic (ouplasuiic) transfer, round 
spermatid nuclear injection (ROSNI or 
KOSI) and reproductive cloning, 
(described in more detail by Schattcn in 



ih is 



Tlu-xc technologies haw prompted sig- 
nificant debates concerning tbeir morality 
and safety. Jlowevei. even a United States 
government moratorium on human 
cloning has not delcrrvd renegade scientists 
overseas (Yum actively engaging in this 
research* which could result in a potentially 
disastious outcome, 

Conclusions 

'lo date, diagnosis of infertility in the clinic, 
has been hindered by our relatively pour 
u udei standing of t be underlying molecular 
mechanisms. All bough investigatorx have 
attempted to translate lindings in animal 
models to lun nans by searching foi j»enu 
imitations/deletions in idiopathic infertility 



patients, in general, these, investigations 
have not lx:cii fruitful, (iiven the large 
number of candidate evolutionary con- 
served 'fertility' genes yet to be discovered 
or identified horn mutant mouse studies, 
and the overall complexity of the reproduc 
tivc system in general, proper diagnosis and 
treatment of these patients will await the 
development of more -sophisticated and 
rapid technologies. Finally, if mutation of a 
gene in mice or bumars results in infertili- 
ty, the protein product of that gene may be 
a future target ior novel contraceptives that 
are designed to transiently or permanently 
cause infertility. J 
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tile «-»r^- <i|<|i.Kii|f jt4lhw.irj, IH srv tl.'lfflltili^lf^l ,V..I..IM* 

Ji-fi 'lil .V mft. Ml, 18/ |«M ■ I. 
T « F^.4vc, I! A. fk Slmnjr., (. A A . jv. <il l|ttil\.m iitkwut.-iliir Iw 
"»B ■» Pt-sitA'XW MTfc ilnnirtiiimiiMitiluiibiii. .Vuluir lni f 

wi«. -limi-fV/.i. 

/,' Nittt, * '. i: . Jmifi, K \\'. |\»tjt>i, i: I ,t.- Alniiuii, Urif 
I II. A V* tlaiaiwmitnc-tn^ll^ 1 Hi n jpuKitiil .K-iftnu.- 

^''I'wfK't i AJfti^'tarJ lat+tt'/V/ n /I I /I'i » JV.V1 

.!*. WHaUki . VV, I. rtt Ituv-i ll. I. M 11m- V . hn-tn.wilK a* Hi. Is-sti 
r( ul iu.tl.-iki.'iHiii|i't)if>bil < . ui Itfc-ibuui-j- IS.s >Ctit,\„Kt 
SP. f »M '.(V V-MlV-'it, 

'.v >,n. I,ut, A II firff, A 1 !r I ir It. in 1 1 lit- It nn 1^1 1 vt a itrtt-iinsiiii^ 
ff^ttili rtitiiL*. j pc.Mviti lUthlwrtrtdttjpj. l.u ..imxf^<il UNA 
Itinitnv.OM'iif VMfirt.-.HN v -wi ^l ltJ'CKn 

«J * ailHwy. t. n n'f ,\ |^tl4>rnjp|4tH>. If> ttw wi ^-lomiMhy ii-KfMi 

• fl 1 1 II- (IM^tS.- V .tll.<m.,«.ritH>|.4 d 1111111K1 ,J ; i.ll.innl* |M 

.■iidn-yvtHH .llJy t \)MO*tl t^-itat \'uti4tf m, '. 1 . .(t ; |«f*n 

n K*ni|tin.iii, I*, I •uNi.ir.t, Vmuii. N'..^»)iillrll.rt». I' :v t <^rti 
J'oilj-.v. K Mjb- •U wlni'ilici" "I 1 liltmi»r*tiiLitlv I.-imjI- iuk«' 
li.tn%j>'ni, 1. 11' '.fi Ytitm.' t'll, I I / I 'I ; l'fl| 1 

I -'•»" ' I *>"kLmi. A. II. Mn in 1 11 «n mm '-I1V H nJ *J »V-' 

•i-sili. tM.Mummi- iin».-» J/wif .V/mI V. : Hh VV'JvVI 

11 ^un-fli-l. I., it itl Ail in iimn.' iiufidwi .it ill. inKli-.u I iimk 

HtTli.t MIJVll.»«Illl fs|«iliMl>k' Iim X hiikiYl ,T.1u'|Ul Iu(<'|'Jj 
•Ja t.^ij.fiiiU XjUtn,' >.'^».t,f iilliiwr 

*■) I.h'CI. I W||,tl I ln»t|«i'itirli. «|y*[>UMrtJlvl ^it1i"*^im! 
r»-\.-i kjiI . :mv.\l Iti mui.ilkitk 111 411 *>KV r. Ll.il ink' ."iifiW.- 
»72. V'i «.yn |w!» 

W^hiwi. I «'f Atdt.wili.il ju-k int'ivl ."ICl t rfiti|iniflt, tk-v|4.i 

vti .iir.Mti^'.l t*v U]Ubli.iH\ fit ,iixl ji I Mir M;\ fi'|,|i, 

'■*»V'». t^7»J, lilt I I.Hfl'WI., 

WlidL, It.^lnnM/.M I , llinirili, I* »\. H, Vlk'ii'i.'i. 
tm i.'.il lyy ti^.J |(w I "rtniui.ll li<ni\.U I H. ilk in .VoiiJlM til 

tnjfll.lll SO\9 fdilllf ( n'Ni't 1.1. .'.Vtl'fKH 

.'>/ rJlt,t/ ,\ Mil hi 1, i: II Mtdliinlni lld.'fi-tivlKffu .t*t 

ln-lMi.|t/^j>*tf .ilkil\:-l>iil IiwmiIu th/.tifwwiiiK H^l i'^rt» jmii «i .1 
l. T ,XVVm.ilr j rrvntvtil ilk lil.-uhwi- tw f. XUil 

v.t. 10 »t.(?<rtnj 

111 nt.ilr 

mk'iiilnv .1 >rv\f\v. J|n/U l?t'f-tt*f *i, ?-l "«- "in | IVf| f 
:iV. *.;hii |ih <■!.', A O ' On* kL-i>LH kiii«i -rt. irt i^ni .in.l 4h„n ,u tU- 
|H ^.'iiH ,**lli ui tlir ji»HiM-riit|m\i. 'Wll Hr* H«, 

M- Ht.ll'J'W.. 

•in. 1 ,irc4AiFic M ,Mt.«*.M l|.A hWljiUn.A 1'Miit.ii.l. tl^ jm -Ml* 
in 1,lii> OhMlV Liiil'i f .» tlm iui>. fyii%li til,!*!! 41, / *f*\-ii'ltttrttt 1 Iff, 

•IJ. * .htuhv 1 1, i* M.Hnil, hi. M. '»iw>l.i 11 ii\(iuii-tl 1.11 :n.ii|u* jui 
■it>u.lt,i|itv{t,u l -llilt'ui>r|uiuTtl .\fnh /(/•■. till. M uX.'twm 

•17. I:n>i*iiil. K A t'ttti hl11|H o li-i|iiirfil tin .".'.T^'Ulliill •■I'i-u 
hltjlilMl ;;iiin iHU in 4 tic hMUW mJiJm yik C.Vm. 1 /',•»■ J>, 
l -t L*i.flVWi. 

W. li.tnlil.iH t>. 1 HUM. N It. .\ P.rfc-il^ifx. J' J M-.itrf- .111I11 pi. 
l«fa:if.Siii«ill d t ,twl'..t|Nj«Lf\ iti-/rM% ni.-vii.i .n.l.i *i,n„ h-^nii 

T* Vmp, V . t ai. X \1 .M.liliL-. V.l.m^n.l \ ;ii.t. s t, t> 

l^'qitutiii.nl **l rt'./f-WM*.! ih,' iVnul ifii .il )•( fstitt 

. 1 IK 111 ik' tl«rlikr. ,>fitt* httluotinnf 1 1. HI'-'- I'fitli **r»t» 

*"* VVt|,,-., *;.ini..lU (Mil trpM i..ft,7 /Vr Hi. ill! JM 
l.iNKIl 

If. IWiwmi, J* A .i; klkjiij. M. I 1 . /,., n i,r«i' - <H I -fcltf ((jii'li-t t 
IiT.lv.Mjll'.iik.M M , KfUMii.t' V*. A k,illn». I' I' 1 t4. lr..t 
1 Mnifi.mj IS.-... M, 1 1 

I; ltf-fli..S \V. iVni /ft m,i|.tu(i|l i^nll.1 tit •111.1D .mniMlo/i ^ikl 
i.\liit.,( t.,.in hid ill nr in tv1.1L' vu\ kltli.ilrmi.i- 
rVrrf.ywnriw Oi. ^;v> .: 'f 1 1 WjT) 

tti I t..t||.fV,ty. .\. M..-f(ff MuljrN.ns in jd tlrr ir,.l i;i./w'il) 

hit iri*.- IIIV|t'| : .loi riU ,„,i.MMil.ivt|Lt|f.kn I.Uv tlul Bilrriailv 
kl .nk-wf* s* i»,rii,s*m,imh;f. :VjWiii* (Kfirt .*\ V# /Siii^jtil 



i48 



NalJ/c Cell TJinloGY & Nature Medir.ine www.naturR.corti/Terlibly 



PAGE 38/61 * RCVD AT 1/17/2006 9:29^4 PM [Eastern Standard Time] * SVR:USPTO-EFXRF-6/25 * DNIS:2738300 * CSID:708 283 7737 * DURATION 0nm-ss):22-58 



Jan 17 06 09:42p Patrea L« Pabst 70S 283 7737 p. 33 



fertility supplement 



•i*' rmf.mif. r '> i' nA-t, i <;, isruwi..!* ti«. t^. ui .■;»> nui-. 

II il H . |" t"M|»s fit. •••*>htU.)' 1 J til Jyill^iUI tl\*U • Hi VI-. Ill 

'-• 1 m mil it t;, fi.t,! l-'fti/l I,!.*; tr','-i ,: 
*i ] In. I nr. ' ;'■ i MH'ti; ! I .'.liM|4ii-l'';n. ,il ,iri,l ,|i».iiilii.ifiii 
r il ...... i |<ih .(.!»• i.i <| H > M . i. (*<•, milt, v. lvtt.lt ■...■■jiii l .l 

t nli II 11 !.. t. .< u .i. Iii.tr .' .-. I'l '. 

• ' t: t • ■ 

'I }'••>•> I* I ' .'-HiddH 'i in tii! lutn\rljiitliil«'n Jml 1 ' ih*i»> n 

. .1-. v« 'i. t i i.< :tm:: 

•/ 'UUi. I \ M (i^iii||..tP< -in. I. p. -I»>l». *■-} ii||>l| ■>» .yun . JK ■)( 
lu.iii.mni. hi.-, fl.h I.' 'jv /,jir.i MCkK. it:- l<Ml'f.! 

it l:i.lrl> SI |. •..>.. If it. M ' . . liiHty^iii. A , I-* Ivu.1-.iiii S f & 
I .t-K'ii, | l A. . vlri.ilfil Ji>J]'j*Mi.OKL-nt i -ir.it uii t.J-u k.". in 
lit* I trie jiH|-Ih jtHiii), ImI ti<H\i.i|tiiv, II hi *>}>,it hV. //t.-» fa'pl^i 
/.IW,' |Mfci-W!>V| 

• t IIikLiii^I Mil iutK|Jitt1ti;;i mil ^iiitlii . <tl -4b-1111.1ltt471111-.1l 
•r-Tj'ii.i.ilii'ti nt inn iiul .itlidl i.H . :in *inal , .\r u\iii.-.' ■miplil^r 'I 
.'..r.'.iln jIimim.I llu :s ■ miii.il •-■illicit urn \nttf R.*.. 1 JO, 
>n< . .1 ■ |V'!it 

'<< I.'.... A | S M t. ( ii ii U ni t ttj.u ti-ii-ftr-) -, il*. 

M.».'ti;.. \i .\ l hii^.u < w i. k.uuu. i 1; i ,t ■ if 
:iiuiiit».> :,.u.«*..i.:;,. .-1*111. 

Mtliil.M M |.y; H«I|.|vmIh» Wfl « -»Jrt I'-. KU-'llMj. 
ill,.. I I I .11. .11. .Jllll" llv ')• .(III ii,ll|. In • It*.'-- ttti. ytt.\ '.linf ft 

.i.nhi :^.i.,f /.»*i A/*' < n'lnW ',»*): tiiH>.'ll))l 
A I. .m ,V ■ Urn,! A,t.til ( .. K..^ii.iimhi.I M r< IJtv.l I. 
Xl«tili"n -il K/ .'-.> In .•nfm.>:-*<ii l.,r*v lll-v titri-iil vt a • il 
."-ill--, .« 1*1 |>flhi.ihlt'il f.illi-> a rrf.i)4i-4tiil Ul tllvl-r-l ll.lt.ll 

kll',ii II'-. tfiM.-i ;/<(U»,->li^yvl.tU Wrfili iiil-l ■ IW .t. 

'.*► IdKki*). I h \\tif(*H R> I « jnil h:in u-j^il.iii- iiwiiiu" |iutti*n<1i:il 
is-itn i HI viii-.lv.iI .utrl a|wipl.i:i . .limn,; i mlii niyff ir Af.rJ 
hkUimrl | |. MM IP.lil'lXMi 

liy., J hv /;« ilfio- i».r. .NJ niw « .. nr f ' l t .IK) ,1» I I IT *1 

f.l M.ilil i.ii,'r i Iil 1 A mm lit tliik.tr In in i<%.|4,ti .lu'ivu li**. 

-,•> w ••vjiij."* J"!! r. mjwii'tl (■ n |tt oidtitli-"^ <tii,iti l^i'itt. uumjiI 
ljyt'i-)kw,i|.!'nnlAili'lin».-jHjKlKliiniil» tnlittt* • n>ir( 
> liO ; 'IJitl , 

i..' I ttlu'n.l'I .*'. KilUtil I W tUy.ul nwtii <vl itk'hili, i, K«tiil>«i.t 
Ii-mi jiu! |<i<t|4i,L'i I |H'*|:ii'--i**n mi iiiiiiiUimiI >, /'<r*.*w.r> '£ I. 
-Ji. 1i>VI i 'mil j 

n1 ll.r..,l.n I . sIjiui.'h I . ». I 1' l r.ni M IV K. , , 

* In : -*:n » i»n j<' \i i,.ti i i ■ - k'i>'> I-* .itttl , m i.i IK »liiin'i|iliit iini't(K 
r j- r ,\u -'-I.JI. in if m- l.ii I M*"l I \U4 t V-Aiv 'ty) ' "JK i 

I..J ll,ilth<Mh tit- t « if-i. inii «Vt... 1/ |t l^i,*.^!^ 

,'■1.1 I, |.,(ll|M <!'■•' • tl|,IIH.V«iIH,- >.MM|M< A'*',' I ,lT»( H 

'j ■ . '/.t ■ 'IHhil 

itt Vml'iJj. V. <M*ti I Im- iiimil Vt\ A lil.r pur ( i» -i'i|uiri't: 

U.ili'^u.-ii'. , lii'Mi>i^iMV'»Vll.i|«h iluiiit;! t!h li'r %. iW"' 1 *W 
I. /Il/ /1H f l'»H| 

rn- I'll I n ui ii, I ) I 4i,il Mi-riLii praif ih.i-^' Jiml mill l.tiluu* ul 
■ liKuntr-tmit' wiiaji'.i-i m nt« i> itili. ii'iN I'm /fori I. .1 "r» nilinr 
•■jviiru l^i AlfflmAit; Ali-J. ' rtV l.'i'l/ '/H'. i i. 

i./ \n. \ . l.»v.-lli. |* v i:i|vv|i. I I > r. Im. I » t 

i 4. rl» ■.-!>.,. (h •im i ii, mi.r In kin;; iIh- i .im'ui hti.Mrll w'latntjl 
i, Mditmil XutKt,'.tmt M,Hf J *l I IWJ) 
itx l^iiiiri.. . t . ,i.,t. Mlil it. II. Kritl hlUK A p.tl .ttllfJ il nt ..Uil.l 
lil.ni._t., nv.> f .\f(.V., | |/l ■ rHh.'.. 

li.Uh.V.t .J,J \F»f ik'flt i.'ll.y l,-.llllS,il, V. V.'l.' ni.-U.lM lit ■!(!]■■ 

h*<ii i.uli a I.-j-Iihh im.i ul |ijii[i1ij-i' I />. ir-?iiy'fi«vjl I * \ 
lit i • ' f r<wii. 
.'Ii .m. « t i.v in .«»)■.>{ l Iiw-iIij,,!)','.,!..!.^ [H'< i !»»■> 

I.,. It. Hit. -. I. li'.|IIM<'.l I. II . lll..ll> 1»l, llir 1 1 III III' Ilk MM'. Ill 

i u. hkI I, iii.iI,- mm .,iii,-iKi I I, It"!!'- hW.' i , t«l<IJ 

'"■ I.U-I>ii V\ t'.tf M.-it.it. |«i.|i.ifiir jiiiX in MM 1 1 tbtjiiriLl 

I iff* : U.' ' 1 1 1 1 

I .LIiii.mii.X'i . l./f \ l.ii n i m. ib. nt MttiVlkiimJ,))',!!.' • i, in]iiut\l I. » 

tl Mftiiiic | mm hi;- iii iti t »t-r, .Vijiwi ■i,ntri '1. 1 M I !7> t*+t) 

\ Km .1.1 1 I'.fii/ til ••111 ill'NM'1 III* lll'H(1 illi|,|imm •••|,|tm l || 
i»r. I ii-j*:n» i-ii/\iiii' in uiin < .hiv. nulr -Iruliiv ,i: iw utrtl 

u'iirMf>j'<M>.iintiM'iiiiiii ih..i ( i w/ tUi, :{iu: rm.t. 
.1 \t..v ,i.it r.iiivN,|.Ji.j., l .n.»it.,|.M\<I^M.4:M.«.|i..i.n.'> 

lull, i Iti-nm rs>>itbil li.t'^ii.tM J<*< lit .Im ni|- niri.r.i ^ muaiiiiH' 

,M. l 1.....Hlit,Vii,|. K.tiH .i/r.h i IO..NI! l.'.'AWMii 

i **,ilti H \ tii.- • jih i.i Ikr.ii it) !tr:tttt;n t ,nt\\ f lit]. vit/r(\l«ni 
I*. ,v I in 'li i. f . w ' ! i juu ;Mt*:i.i»* I Mil, l>lr\\ Vit'L. ffV i. 

I. ti...l.. a Ji .\ ll„ Mi.J,l..^|. \4 ^M'li , I L /inili'fli.'l. f«M>fJ 

/"»//!..'( ..Jii.fr '.'.l-.V,y/'. b'ui. I; .X I tii/l.-t K W 1 il. **• 
'.M.«..»* Hill. t->'H) 

v\..i., .11 . U.I. ).-.%. III. M ni*»M I iif..ni ii*!uu.i 



tirt,,L \uti «, M-J i l ■ t wj) 
TK At*i.i_ini. N hiLwiiirviiinjil ,Mi.iiysi^ .tl <.|«-im lnwit iiM'ti 

wilJi itl»i|ijllui tulrlliliiv iikitt*. '[ii iiti k.ilnilV|'iH\; J'Lit flui'it-k 

uiivrm ■jfi'lM-ii'ti/.viMii. l*"ht. >Kitf. f»I.MI < I WO 
liKt IimO. I y . 1 J M..|(y.i K I nMtilTn.l ti, 

i ..Mitt, ii.- . .J in. tipl.ii.lt tt*.ii*|'. itiiiilti itLn (luiw.'^i i'ii. > in .iLj 
lt\lin.ti/.ilMit tmt ItHiiuii ■(•run • 'i *.',;.'if.-( ' i.'i * .• t Mt, 

.•hi J dim. J', \ Mitwibl. I. | **a m.ifn r-. iti r)t. ku. 'mrm'' ."Wi. 

.'IM IMi.'lHI': 
ill Al»>-tl ( I-' )'ll\l IIM'ltrfli llrVIMIIII UMIh'l'UIII. Il.lll in Ikuiiiui 

.-Kyu-i .w / /(.mi. til, tJ ' I'W'i 
if.*.. \ ii. tii. l .*$,4 lt.iwl«".)rriii.*tl.iiuit|'li'Hl> l.t»«hrn'ilt.(<Ji *% 

\il't>; !„«• I irtif t|h- m.'l>Al^^|t<. l/l. |'l*l1i'l)t M \'\ V ii^lt i" I'Ht, 
IIU UlHf»UI 1 l 

Win. I .i-t.t/ Jin- itMimir V /'» t >'i ir n itt|i>4M\l l"i A.)tm|fltiiii' 

fii.il i*tiM{ 4i A .r->viiil/h'. <.t»iiuiH»M^uc syiijj>H\ jujUI Ut.iti' h-it»Nl> 
t ffl.t. /: .i.i fjIKlfil. 
K4 t .i.uttn I' ,i ,J * ^ii llir.-i >,;in m JHrUtri. .nwl pvnti «uil.tlitt«v 

hi J>iu I i.n it. ■ ittiiu 1 1 Li* it; i(nif*lky inirJ .Ifh'ti'ii^ .ti.sr in mityt 

n.-.n ,n i0 tiiti-l pilnl liiiit.ilniu> l«^ull liuin . ii lU.l Ui %jt1Iu.iU( 
N'v f. A/C.I* t ,« 7 ri'i. II. I!H Ifti* 1 1 VH i 
«;». hi|»ii.., t II f.- Miti/nl.. M l**i»fii< nwi.li'Ul'ivi ill.' i.tti«lr>il 

yiMi4.t.uut|Hit;t.ri.iit>. h>t,ha nnd.^n 1 1 *K 1 1 r. lH)7.1 

tl'. <\,lit.n..uiu. r < . Wi-im. |.. I n . I . I. ^ I.i mra id, 1. 1 . InlmiK^I 

tlr-^di imiI ilk* ptiMtltilM>1tih ImrillOtit v Mnt. t t'l! I:lttl>\ rim>L 

IW,yM *.iiiji)ii. 
ft/ I licntiiirn. I'M ft 1 1itln^tiw-nri. I I Xhii.iiiitnK.^I 

I>iiim |t A i . <\ •iir. .ti h I yt "link iln t^nii i r. i; t-ti n n Ulin j-. 1 1 n- 

l«lr.Miilii-l .ulcl i^illi'iplit <iitilii}'.(r t\( I'ltuiLn t. v.uniHbil lutii turn 

flui.n* fVi :i, .'.1 4" i JIIH 1 1. 

«». Ail^Oii. I 1 . ^. a I [oniid-'U, J. ) >. S«f*Uf iwni' tiiL51i-»hs rcH>inn[; 
in v-j'i,blij s tiv,' j||-.h|ii. ih'n itr wwifli .V hifi J VlQi 
-Tr> .'In i |t^ii 

h'J. Hi i in ii. J'. K. ffirr. I •Jclfm irf ilw iti-Kml I XI lib •Jum.itli •»[ 

ilv human jiviIi>>^*ji us^U'ii fx'nc in • -n*" family t,-uli ^'mn^'K 

.ui/|r.it>-it iir*jn<iiivti\ \)*iitltixtii* ini.lrn.1 l.ii luriliri ^'itriu 
Itt-i.-KMiiiriiv m ilti* •)iijiiiiuii ftm (Vj4J.4in,f *nf ( Vi'.A fCV, 

Ki >l nr»i ii-'int). 

• Ml. .\n.lf Urt*'. . 'tvin|,«». \l . (. libni^ I I*. ."V Uit-u H. I r VV 

I I'l. It. Ill .kl % tl'l.ilal "it f ■ /tl/fh «|W .* jytll' lit lll.llf ("jThUlhri- 

nw^n^lili.ni. ,V,ifiwr>"l, 1 J'" lit I il^ll 

M jImhIi-kj. VI. . • jli. K M . I k-^ 1 ) I. ■'■ i'wi* II, I » «' 

t.itoM ••'•<:••' v., ill' mi ii» tji utik iu;u UltMit! •.ilti'* I :< ir miih 

!.»... .ri/nti, .. / jj,J.4 I lir.J.yt' t.|J,.m'i 1i,i,' i .'1*11 i 

i *»n,.', | J' X I-..UJ. Ii, k \ ] Ji.iffti ir. I'i'lin iitill int..' wli.il 

Im\.- «r k-.tiiutl .hkI -i I i»h* in II 1 1 t»l- kin I n-.' tsntit /-Vr Mt, 

" ». I >Mv. I \\ *t.t! l.n ( -.if.| rliM u(,wi'>ii '« ih-. - v(ti*:h'i: i0^p<>n 

l-JP'ir tit Mljlf lltl..' J^UnT'. tlltl'lMl 111(1 4>l ^U-llll.ll Il.'^tin.l 

uiK-inldv /.W.-..-iu.+yr ll7.<l7-iVi •imrMl-VJirii 
VI C.tiLrit. L I! ,r,J M»i-I*ktu'- i^ms-siiimie n.t|tt'H oliJm |«li-jijiii^« 

t K[4^ii»*.':\\^u»-Ditvil>->. (hw*p* »*, , , ,'^|iyi'-;, 
•t. w JV i 1 ..ti 1 .vi i 1 "ii. in. i v ih.',t<.ti.iv|t.- vn x-.i.ii.i jtii.K 

|*li.il.iM-i.Hii|ik-t.-- n illi ;i -.{n iuiAliil mkNA Inmlui;; I'liil. in 
i:. r^ttii-il Un m>i iTijI n|«ntn (.noiliit liuii. i">.»j iVat/.infJ. 

( *vi "w, .:n ; .itJ/Cfmi). 

'Ji.. 1.1'liKii. I'. Il .VVj-i|i\ V.I.m, i< hli»i/||L. M. A |. r..|l'V|rtii)lJU 
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Online T;tblc: Mouse mutations causing reproductive defects. Only single mutant defects are described. Fertility 
defects of unknown gene origin are nut described. M, male; h\ female; Iletero, hetero/.ygotc phenotype 



MuUial gene 


Sex 
AffacJtsd 


Reproductive Phenotype 


Fertility SU>tgs 


References 


Acrosin {Acr) 


Males 


Sperm are capable of binding and 
penetrating the zona pelJucida 


Delayed 
fertility 


1 


Activin rcccptor-typc 
FlA (Acvr2) 


Both 


Antral follicle block in females; small 
testes, delayed fertility in males 


Infertility (F) 
Subfcrtility (M) 


2 


Activin/inhibin fiB 
_subunii {Inhhh) 


]*cmalc 


Delivery and nursing defects 


Subfertility 


3 


Acyl-CoA synthetase 4 
_LACS4; Facl4) 


Female 
(Iletero) 


Fnlarged uteri with prostaglandin 
accumulation 


Subfcrtility 


4 


Adam is 1 (a disint egri n- 
likc and 

metal loprotease with 
thrombospondin type 1 
motif, 1) 


Female 


Cystic formations in uteri; defects in 
preovulatory follicle development 


Subfertility 


5 


Adumts2 (procollagen 
N-proleinase) 


Male 


Defects in spermatogenesis; marked 
decrease in sperm within testes tubules 


Infertility 


6 


ADP-ribosylulion 
factor-like 4 (/WV) 


Male 
Female 


Signilleantly reduced testicular weights 
and sperm counts 


Normal fertility 


7 


Alpha 1 

inicroglobulin/bikunin 
(Ambp\ Urinary trypsin 
inhibitor) 


Defects in ovulation and cumulus- 
oocytcs complex (COC) integrity 


Subfertility 


8 


An^iolensin-convcrting 
enzyme {Ace) 


Male 


Compromised ability of sperm to 
fertilize ova 


Subfertility 


9 


Androgen receptor (Ar\ 
tfht or Testicular 
feminization) 


Male 


Feminized external genitalia; 
hypogonadal; cryptorchidism with a 
block in spermatogenesis 


Infertility 


10 


Anti-MOllerian 
hormone (Amh) 


Both 


Uteri development in males causes 
obstruction and secondary infertility; 
females exhibit early dclpetion of 
primordial follicles 


Secondary 
Infertility 


11,12 


AMU receptor (Amhr2) 


Male 


Uteri development in males causes 
obstruction and secondary infertility 


Secondary 
Infertility 


13 


Apufl (Apoptotic 
protease activating 
factor 1 ) 


Male 


Spermatogonia! degeneration 


Variable 
lethality; 
Infertility 


14 


Apolipoprotein B 

(Apoh) 


Male 
(Hetcro) 


Decreased sperm count, motility, 
survival time, and ability to fertili/xs ova 


Infertility 


15 


Aryl -hydrocarbon 
receptor {A/?r) 


Female 


Kcirly development of primordial 
follicles; decreased numbers of antral 
follicles 


Subfertility 


16,17 


Ataxia telangiectasia 
(Arm) 


Both 


Germ cells degenerate; disruptions 
evident in mciosis 1 


Infertility 


18,19 


A TP-binding cassette 
transporter I (/then I) 


Female 


Placental malformations leading to 
impaired embryo growth, embryo loss 
and neonatal death 


Subfertility 


20 



1 



PAGE 40/61 s RCVD AT 1/17/2006 9:29:44 PM [Eastern Standard Time] * SVR:USPTO-EFXRF-6/25 * DNIS:2738300 s CSID:706 283 7737 x DURATION (mm-ss):22-58 



Jan 17 06 09:43p Patrea L . Pabst 706 283 7737 p. 41 



Basigin 


Both 


Defects in fertilization and implantation 
(F); block in spermatogenesis at 
mclaphasc I (M) 


Partial 

lethality; 

Infertility 


21,22 


Z?ux{Rd2-a.ssodalcd X 
protein) 


Both 


Prcmoiotic arrest of spermatogenesis; 
increased oocytes and primordial 
follicles postnatal ly 


Infertility <M) 


23,24 


Ecl2 (IVcoll leukemia/ 
lymphoma 2) 


Female 


Fewer oocytcs/primordial follicles in 
the post-natal ovary 


Subfertility 


25 


Dcl6 


Male 


Apoptosis in metaphasc I spermatocytes 


Subfertility 


26 


BelX (Bettt) 
hypomorph 


Both 


PGCs arc lost by El 5.5 


Infertility 


27 


Iklw (Bcl2l2. I$cI2-lik<! 
2) 


Both 


Late mciotic arrest with loss of germ 
cells (M) and reduced PGC survival (F) 


Infertility (M) 
Subfertility (F) 


28 


Bone morphogonetic 
protein 4 (Hmp4) 


Both 


Absent primordial germ cell (PGC) 
population; defect in PGC development 


Lethal 


29 


BmpHa 


Male 


Degeneration of germ cells and 
epididymis 


Progressive 
Infertility 


30 


DmpHb 


Both 


Keduccd or absent PGCs 
(developmental defect); Postnatal male 
germ cell proliferation/differentiation 
defect and spermatocyte apoptosis 


Subfertility/ 
Infertility 


31 


/imp 15 


I-cmalc 


Defects in cumulus-oocytc complex 
(COC) formation and ovulation 


Subfertility 


32 


BMP receptor, type IB 
(Bmprlh) 


Female 


Defects in estrous cycl icily, cumulus 
expansion, and endometrial gland 
development 


Sub fertility 


33 


Calmegin ((-Ign) 


Male 


Defect in sperm-zona pcllucida binding 


Infertility 


34 


Carnk-f 

(calcium/cal mod ul in- 
dependent protein 
kinase IV) 


Male 


Impaired chromatin packaging during 
spermiogensis 


Infertility 


35 


cAMP-rcsponsivc 
clement modulator 
(< 'ram) 


Male 


Defective spermiogencsis with aberrant 
post-mciotic gene expression 


Infertility 


36,37 


cAMP-speeific 
phosphodiesterase type 
4 {Pck>4d) 


Female 


Diminished sensitivity of the granulosa 
cells to gonadotropins 


Subfertility 




Casein kinase Ha I 
(Csnk2u2) 


Male 


Globozoospermia(no acrosomal cap) 


Infertility 


39 


Cuspase-2 (Casp2) 


Female 


Decreased apoptosis of female germ 
cells 


Increased 
Fertility 


40 


CatSper (putative 
spenri cation channel) 


Male 


Defects in motility and fertilization 


Infertility 


41 


CD9 antigen (CV70 ) 


Female 


Sperm-egg binding defect 


Subfertility 


42 


Cell division cycle 25 
homolog B (Ccfc25b) 
{Cdc25b phosphatase) 


Female 


Oocytes are arrested in mciotic 
prophase, with defects in maturation 
promoting factor activity 


Infertility 


43 


Centromere protein H 
(( \ftipb) 


Both 


Mates are hypogonadal and have low 
sperm counts; females have stra in- 
dependent uterine epithelium defects | 


Subfertility (F) 


44,45 
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(CCAAT/cnhanccr- 
binding protein [$) 


Female 


Reduced ovulation and block in CL 
differentiation 


Infertility 


46 


Claud in 1 1 (Chin I /• 
Osp-1 1) 


Male 


No tight junctions between Sertoli cells 


Infertility 


47 


factor (macrophage) 


1501I1 


Males have reduced testosterone; 
females have implantation and lactation 
defects 


Subrertility 


48 


Colony stimulating 
factor (granulocylc- 
macrophagc) 


Both 


Mean litter size decrease with 
disproportionate loss of males pups (F); 
maternal effects most pronounced in 
intercrosses with knockout males 


Intercrossing 
Subfortility 


49 


Conncxin 37 (Gju4; 
Cx37; 


Female 


Defects in late folliculogenesis and 
oocyte mciosis 


Infertility 


50 


L-onncxtn *f-> (\jjui , 
Cx43; 


both 


Small ovaries and testes; decreased 
numbers of germ cells from Fn,5 


Neonatal 
lethality 


51 


(.pch (cytoplasmic 
polyadcnylaiion 
clement binding 


Uotn 


Disrupted germ ecu diflcrentiatton and 
meiosis [ synaptonemal complex 
formation 


Infertility 


52 


Cul-like ](<:»///; 

C "III^JY ^iiv\ IninrHirut 
/\.<Ha/ UUllCtlllOTI 

mutant 


Male 


Severely reduced male fertility 


Subfcrtility 


53 




Male 


Block in spermatogenesis before the 
first mciotic division 


Infertility 


54 


Cyclin D2 (Ccnc/2) 


Both 


Failure of granulosa ceil proliferation 
(F); males fertile with decreased testis 
size 


Infertility (F) 


55 


Cyclin dependent 
kinase 4 (tt/JM) 


Female 


Defects in the hypothalamic-pituitary- 
gonadal axis 


Infertility 


56 


Gyelooxygcnasc 2 

V' 'ft**/ 


Female 


Defects in ovulation and implantation 


Most Infertile 


57,58 


( /</ (Cytochrome 
P450, Ma, cholesterol 


Both 


Males feminized with female external 
genitalia, underdeveloped sex organs; 
gonads degenerate 


Lethal 


59 


( ypfV (Cytochrome 

■ ~ »' V/* 1 til VJI 1 I*Jl»JriV J 


Both 


I;arly spermatogonia! arrest, Leydig cell 
hyperplasia* and defects in sexual 
behavior (M); folliculogenesis block 
tinu uvuiaiioii aciccis \ *^) 


Progressive 
Infertility (M); 
Infertility (F) 


60-62 


hydroxyvitamin D- 
la-hydroxylase) 


Female 


Uterine hypoplasia and absence of CL 


Infertility 


63 


Cyrilestin (Aduml) 


Male 


Altered sperm protein expression and 
adhesion defects during fertilization 


Infertility 


64,65 


Daxl (NrObf) 


Male 


Progressive degeneration of the 
germinal epithelium 


Infertility 


66 


/^(Deleted in 
a/ oosperm ia-l i ke ) 


Both 


Reduced germ cells; differentiation 
failure and degeneration of germ cells 


Infertility 


67 


Desert hedgehog (Z>/#/r) 


Male 


Complete absence of mature sperm; 
defects in Sertoli-to-Lcydig cell 


Infertility 


68,69 



3 
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signaling 






Dmcih (Disrupted 
mcioticcDNA 1 
homolog) 


Both 


Delects in chromosome synapsis in 
meiosis; female germ cells degenerate 
during embryogencsis 


Infertility 


70,71 


tjnmtlo (UNA 
methyl transferase) 


Female 


Embryos of knockout females die 
during gestation due to imprinting 
defects; maternal effect gene 


Subfcrtility 


72 


UNA polymerase X 


Male 


Immotile spermatozoa 


Lethality; 
Infertility 


73 


Uoublescx unci mab-3 
related transcription 
factor 1 {Dmrtf) 


Male 


Defects in post-natal testes 
diJTcrentiation; disorganized 
seminiferous tubules and absence of 
germ cells 


Infertility 


74 


Dyncin heavy chain 7 
\Unctftc i ) 


Male 


Defects in sperm flagellar motility 


Infertility 


75 


Early growth response 
1 </&/•/; NGFI-A) 
targeted /t/iv? insertion 


Both 


Lack of LI1 (M); downrcgulation of 
LHR, not remedied with gonadotropin 
treatment (F) 


Infertility 


76 


Early growth response 
1 (EgrJ) targeted two 
insertion 


Female 


LH insufficiency; loss of estrous 
cyclicity, no CI.; rescued by treatment 
with gonadotropins 


Infertility 


77 


Burly growth response 
4 (Exr J) 


Male 


Germ cells undergo apoptosis during 
pachytene stage 


Infertility 


71* 


KLKL motif kinase 
{Entk) 


Both 


fJ-gal gene trap insertion creates a null 
allele; homozygotcs intercrossed are not 
fertile 


Intercrossing 
Infertility 


79 


Empty spiracles homolog 

-i {rJYVCJ) 


Both 


Defective development of gonads and 
urogenital tracts 


Lethal 


80 


Estrogen receptor a 
(ERaX^v/-/) 


Both 


Females have hemorrhagic ovarian 
cy$us and uterine defects, decreased 
lordosis response; males develop 
disruptions of the seminiferous 
epithelium due to abnormal epididymat 
function* no ejaculations 


Infertility 


81-84 


Estrogen receptor (3 
( EKJ5)( /*r2) 


Both 


Females are subfertile; males arc fertile, 
but develop prostate hyperplasia 


Subf fertility 


85 


h'unconi anemia 
complementation group 

A / /J" \ 

A (ranca) 


Both 


Hypogonadism, reduced fertility, more 
dramatic and progressive in females 


Subfcrtility 


86 


Kanconi anemia 
complementation group 
C {tuftcc) 


Both 


Hypogonadism, compromised 
gametogenesis 


Subfcrtility 


87,88 


Eanconi anemia 

* 1* Vvl 1 1 ill 1 wl 1 IKI 

complementation group 
<J {Fancx) 


Rnth 


nypogonaaism,, compromised 
gametogenesis 


Subfcrtility 


89 


Fcrlilin |5 (Adarn2) 


Male 


Altered sperm protein expression and 
adhesion defects during fertilization 


Infertility 


65,90 


Fibroblast growth 
factor 9 </'x/°) 


Male 


XY male-to-fcmalc sex reversal; 
phenotypc ranges from testicular 
hypoplasia to complete sex reversal 


Lethal 


91 


V^/u or FIG a (Factor 


Female 


No primordial follicles develop at birth 


Infertility 


92 



4 
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in th e germ l ine a ) " 

Frugilc-X mental 

a' tarda! ion syndrome 1 

ho molog ( AW/ ) 

FSII hormone 3- 
subunit (Fshb) 



FSII receptor (AWir) 



Fits/ (translocated in 
l iposa rc oma; T I «S) 
|3 1 .4- " 

Galactosy (transferase 



Y-Giulamyl 
transpeptidase (Ggfp) 



<>V//7 (guanosinc 
diphosphate 
dissociation ihihitur I; 

Rho O f3foc) 

Glial cell line-derived 
neurotropic ic factor 



Glycoprotein hormone 
q-subunit {Cgii) 



Opr/06 (G protein- 
coupled receptor 106} 



Growth differentiation 
lactor-7 ( G<Jf7) 



Growth differentiation 
factor- 9 



Growth hormone 
re ceptor ( < i hr) 
HI 9 



1 Jcat shock 
protein 70-2 
(IIsp70-2) 



I leatshoek transcription 

factor I 

Uisf!) 



I Icpatocyte nuclear 
factor (HNF- 
Irx)((ranscriplion factor 
Ullcfil 



Male 



Both 



Holh 



Male 



Both 



Uoth 



Holh 



Male 
(Ilelero) 

™Ho7h _ " 

'~MaieT 



Male 



Female 



Female 



Female 
(Jlctcro) 



Male 



Female 



Both 



andoo cytcs die 
Macroorchidism 



Female pro-antraJ block in 
fblliculogcncsis; males decreased testis 
size 



Female pre-antral block in 
follieulogencsis; males decreased testis 
size 



Defects in spermatocyte chromosome 

p airing 

Male infertility; defects in sperm-egg" 
interaction; females exhibit defects in 
delive ry and lac tation 



Both males and females arc 
hypogonadal and infertile; phenotype 
eorrccted by feeding mice N- 
jicejyjcy steinc 



Impaired spermatogenesis, vaculolar 
degeneration in males; post- 
implantation pregnancy defects in 
f emales 

Depletion of stem cell reserves; ~~ 
spermatogonia differentiate 



Mypogonadal due to FSH and LH 
d eficienc y 



Crxp males homozygous for transgene 
integration exhibit a high 
intraabdominal position of the testes, 
c omplete s te rility 



Defects in seminal vesicle development 



Follieulogencsis arrest at the one-layer 

toll iclc stage 

Delayed puberty and prolonged 
preg nancy 



Loss of maternal allele in developing 
embryos causes somatic overgrowth 
due to l oss of IOF2 imprin ting 



Mciosis defects and germ cell apoptosis 



Maternal cfTeet gene; pre- and post- 
implantation defects 



Infantile uterus; normal ovarian 
histology (F); vestigial vas deferens, 
seminal vesicles and prostate, impaired 
sperm at ogenesi s, no mating behavi or 



infertility (P) 



Infertility (F) 



Infertility 



Variable 
lethality 



Infertility 



Infertility 



Fertile 



Infertility 



Infertility 



Infertility 



Infertility 



Infertility 



Infertility 



Infertility 



93 



94 



95 



96 



97,9* 



99,100 



101 



102 



103 



104 



105 



106,107 



108 



109 



110 



111,1 12 



113 
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High mobility group 
. box 2 (Ifmgb2) 
Mislonc H2A family, 
member X (fttqfx) 


Male 
Male 


JM1 




114 
115 

116 

117 


Sertoli and germ cell degeneration and 
immolilc spermatozoa 
Pachytene stage arrest in 
spermatogenesis; defects in 
chromosome segregation arid MLMl 
foci formation 

P-gal gene trap insertion creates a 
hypomorphic allele; homozygous males 
have reduced coDulatorv activiiv nnH 
. fewer mating result in pregnancy 


Subfertility 
Infertile 

Subfertility 


Historic 3. 3 A gene 
(//J/3a) inscrtional 
mutation 


Male 


Homcobox A 10 
(/fnxaJQ) 

hilomcobox AN 


Both 


Variable infertility; males have 
cryptorchidism and females have 
Irccjucnt embryo loss prior to 
implantation 


Progressive 
infertility (M); 
suoicniiuy ; 


(HoxvII) 


Both 


Females have uterine defects; males 
have malformed vas deferens and 
undescended testes 


Infertility 


118 


IM>{\UV-\ Rev 
binding protein) 
(KAB/Rip) 


Male 


Round-headed spermatozoa lack an 
acrosome (globozoospermia) 


Infertility 


119 


Inhibin a.{lnha) 


Both 


Granulosa/Sertoli tumors, gonadotropin 
hormone-dependent 


Infertility (F) 
Secondary 
infertJ IJiv 

iiiiwi uii iv 

(M) 


120,121 


Inositol poIyphosphatc- 
S-pliosphatnsc (fnpp5b) 


Male 


Sperm have reduced motility and 
reduced ability to fertilize cg&s; defects 
in fertilin fJ processing 


Infertility 


122 


Insul in-like growth 
factor 1 (iyfl) 


Both 


Hvooconadal and inft*Tl!h , ■ Hi*n*nf*vl 
spermatogenesis and vestigial ductal 
system, defects in mating behavior (M); 
impaired antral follicle formation (F) 


It* ft >t4 i I i*w 

imcnwiy 


123 


Insulin-like growth 
factor 2 receptor 

'(-associated 
maternal elTect (7'mc) 
mutation 


Female 
(Metero) 


Mutation of maternal jiIIpI** in nunc 
causes developmental defects and 
embryonic/perinatal death 


Lethality; 
maternal elTcct 


124 


Insulin-like hormone 3 
(/w.y/J) 


Both 


Bilateral crvotorchidism results in 
abnormal spermatogenesis in males; 
female subfertility associated with 
irregular estrous cycles 


ouuicni my 


I ZD 


Insulin receptor 
substrate 2 
(/rs2) 


Female 


Small, anovulatory ovaries with reduced 
numbers of follicles 


Infertility 


126 


InterJeukin 1 1 (////) 


Female 


Compromise;! implantution and 
dccidualization 


Infertility 


127 


hinO (Juncll) 


Male 


Anomalous hormone levels and sperm 
structural defects 


Infertility 


128 


Kitligrtnd(K/7/) 


Both 


steel defect mutation causes defect in 
PCiC migration/survival; panda 


Infertility 


129,130 



6 
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mutation causes blocks in 
Iblliculogeneyfs in females 
White * spotting null mutation causes 
PGC defects 






Kit receptor (A.'/V) 

Leptin (U'p- % ob/oh) 
mutant 

Lcplin receptor (I.cpr\ 
db/dh) mutant 
Leukemia inhibitory 
.factor (Li/) 


Both 


Infertility 


131 


Boih 
Both 
Female 


Obese and infertile with 
_ hypoftonadotropic hypogonadism 
Obese and infertile with 
_h£pogonadotropic hypogonadism 
]*ailcd implantation 


Infertility 
Infertility 
Infertility 


1 1*7 1 ^1 

1 JZ, 1 J J 

135 


Limk2 (LIM motif- 
coiuaining protein 
kinase 2) 


Male 


Degeneration of spermatogenic cells in 
the seminiferous tubules; increased 
apo ptosis 




136 


Lipase, hormone 
sensitive (HSL) (/,;/%-) 


Male 


Multiple abnormalities in 
spermatogenesis 


Infertility 


137J3X 


Luteinizing Hormone 
Receptor (Lhcgr) 


Both 


Underdeveloped sex organs and 
infertility in both males and females; 
spermatogenesis arrested at round 
spermatid stage; preanlral 
folliculogcncsis block 


Infertility 


139,140 


Man2a2 

(rx-mannosidasc IIx) 


Male 


Defect in adherence of spermatogenic 
cells to Sertoli cells; germ cells 
prematurely released from the testis 


Mostly infertile 


141 


Mater (maternal 
antigen that embryos 
require) 


Female 


Development beyond the two-cell stage 
is blocked; Maternal efTcct gene 


Infertility 


142 


M/j/ (Muti, 
homologue I ) 


Both 


Mciotoc arrest and genomic instability 


Infertility 


143,144 


Mas (Moloney sarcoma 
oncogene) 


Female 


Parthenogenetic activation, cysts and 
teratomas 


Subfcitility 


145, 146 


Msh4 (MutS 
homologue 4) 


Both 


P roohasc I meiotic d^V*^i«c rmrvnv*m -it 
the zygotene/pachytene stage; germ 
cells lost within a few days post-partum 


Infertility 


147 


MxhS (MutS 
homologue 5) 


Both 


Zygotene/pachytene meiotic defects 
with aberrant chromosome synapsis and 
apoptosis 


Infertility 


148 149 


M icrolu bu lc-assoe i ated 
protein (M/ap7)(U- 
MAP-1 15) inscrtional 


Male 


Abnormal microtubules in germ cells 
and Sertoli cells 


Infertility 


1 50 


mutation 










Mon: ( m i cro reh i d i a ) 
inscrlionaf muiation 


Male 


Early arrest in meiosis and genu cell 
apoptosis 


In fertility 


151 


Mybll (A-myb) 
inyi hi niwsiosi:* 
oncogcne-likc 1 


Male 


Germ cell meiotic arrest at the 
pachytene stage 


Infertility 


152 


Nu (<, -K ,l, -2t;t*- > 
cotransporter (NKCC 1 ) 
solute carrier family 12, 
_member2 (Slci2a2) 


Male 


Low spermatid counts and 
compromised sperm transport 


Infertility 


153 


Neuronal Helix-Loop- 
Helix 2 (NMh2) 


Both 


Males are infertile and hypogonadal; 
females arc fertile when reared with 


Infertility 


154 



7 
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Neuronal insulin 

_reccptor(NIR) 

'Nitric oxide synthase 3 
endothelial ccII(Ma\J; 
eNo sj 



Nuclear receptor co- 
activator (NcouI)\ 
steroid receptor 
eoact iv ator-l (SRC 1) 



Nuclear receptor co 
repressor RIFMO 

±Nri p!) 

Nuclear receptor 
subfamily 5, group A, 
member I {Nt5al)\ 
Steroidogenic factor- 1 

l^iill 

0/x/(orlhodcntic!c 
homolog I) 



Ovo 



1*2X1 receptor (P2rxf) 



pl9 ,nk,d \t:<tkn2tl) 



p5 1 K *- (Cd k nfc) 



p2l^~(Cdknlb) 



PAC,; adenylate 
cyclase activating 
polypeptide I receptor 

- (d dcyapl rl) 

PC4 

(testicular germ cell 
proteas e) (Pcak 4) 



Pcntraxin 3 (Ptx3) 



Phosphatidylinositol 3'- 
_k i n asu (Pi 3k) 

Phosphiitidylinositol 

glycan, 

class A (Pixa) 



j Pi// (pituitary specific 
| transcri ption fa ctor 1 ) 



Both" 



female 



Both 



Female 



Hoth 



Both 



Male 



Male 



Male 



Mule 



Both 



Both 
Female 



Male 



males 



I lypothalamic hypogonadism; impaired 
?]>crjTUtojje^ follicle maturation 

C C.Ottlnrnmivrt/4 r\\/t rf-i+»^^ j 



— * *— ;•- •^-ni-w* ^ . mum 

Compromised ovulation, delayed 
mciotic progression from mctaphasc I 

Decreased responsiveness to steroid 
hormones in uterus, mammary glands 
(F) f testes and prostate (M) 



Female 



Male 



Chimeric 
Male 



Both 



Ovulation defect; ovaries accumulate 
luteinized, unruptured follicles 



Gonadal agenesis in both sexes 



Prcpubcscent dwarfism and 
hypogonadism; progressive recovery of 
follicular development and sperm 
develo p ment and fertility 



Reduced fertility and underdeveloped 
genital ia 



Oligospermia and defective vas 
deferen s contraction 



Leydig cell hyperplasia and reduced 
testoste ro ne produc t! on_ 



Testicular atrophy and germ cell 

a poptosis 

CL differentiation failure and granulosa 
cell hyperplasia (F); males fertile with 
testi cular hy p erplasia 



Survi ving mic e show sex u al immat urity 
Prolonged and irregular dicstrous phase 



Sperm have impaired fertilization 



ability 



Defects in cumulus-oocyte complex 

(COC) integrity an d ovulat ion 

Defects in proliferation and increased 

■ a PQPJ<3sis_of sperma to gonia 

Abnormal testes, epididymis and 
seminal vesicles 



S/Hfll dwarf mice have multiple anterior 
jjitui tary ho r mone de fi ciencie s and 



Infertility 



Subfcrtility 



Fertile 



Infertility 



Lethal 



Delayed 
fertility 



Subfcrtility 



Infertility 



Fertile 



Ferti Ic 



Infertility *(F) 



M ostly let hal 
Subfcrtility' 



Infertility 



Subfcrtility' 



Infertility 



Variable 
Infertility; no 
allele 

tr ansmis si on 
Infertility 



S 



155" 
~~ 156 

I57 — 

160 

161 
162 
163 
\M 
165,166" 

167 
168 

169 



170 



171 



172 



T73~ 
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Polyomavirus enhancer 
_activato r 3 (P e aJ) 
Postmeiotic segregation 
increased 2 (Pms2) 



Progesterone receiptor 
(/V) 



Prolactin (/V/) 



Prolactin receptor 
(Mr) 



Prop! (paired like 
homeodomain fuelor I ; 

prop het of P it J) 

Prostaglandin 111 UP2 ~ 
receptor {Ptxe rt) 
Prostaglandin F 
recep tor (Ptxf r) 



Protamine I (Prml) 



Protamine 2 (Prm2) 



Protease inhibitor 
protease nexin-I (PN- 
) ) kn o ckout {S c rpwc2) 



Protein kinase A, 
ealaiytic subunit a 

{Prkaca) _ 

Protein phosphatase I 
catalytic subunit y 
£PmJcc± 



Protein phosphatase I 
regulatory subunit IB 
( Ppplr fb )(DAR ]> \K32) 



Puromycin'sensitive 
_ani i nopcpt id u3c(/ \v*;) 



Rctinoie Acid Kcceptor 
alpha (Kara) 



Kctinoic acid receptor y 

A!Lur& 

Ketinoid X receptors 

{R xrh) 

R<ij< I (e-ros 



Male" 
"ttoVh " 

Fcrnalc 



Female 



Both 



Both 



Female 



Female 



Chimeric 
Male 



Chimeric 

Ma le 

Male* 



Male 



Male 



.h ypogo n adism 

Normal mating behavior, but males do 
no t set p l ugs or release sperm 



Abnormal chromosome synapsis in 
mciosis (M); female knockout /.ygotcs 
have mierosatcllitc instability in both 
maternal and paternal genomes; 
Maternal effect ^ene 



Defects in ovulation, implantation, 
sexual behavior, and mammary gland 

de velopment 

Females are infertile with irregular 
estru s cycle s 



Compromised ovulation, fertilization 
and preimplantation development in 
knockouts (F); detects in maternal 
behavior in knockouts and 
hcterozygotes (F); variable infertility 
a nd sub fc rtility in males 



Ames dwarf mice have multiple anterior 
pituitary hormone deficiencies ;md 

h ypogona dism^^ 

Decreased fertilization and defects in 
cu mulus e x pansion 
Females do not undergo parturition; 
jhil cd luteo lysis 



Protamine haploinsuffieiency; abnormal 
spe rmatoge n esis 

Protamine haploinsuffieiency; abnormal 
spc r maiogen c sis 

Abnormal seminal vesicle morphology 
and altered semen protein composition 



Most mice die; few viable mice have 
sperm motility defects 



Defects in spcrmiogencsis 



Female 



Female 



Male 



Knockouts exhibited defects in 
progesterone facilitated sexual 
recep tivity 



,ack of CL formation and prolactin 
produ ct ion cau se early p regnanc y loss 



Male 



Male 



Male 



Complete arrest and degeneration or 

ge rm cell d epletio n 

Squamous metaplasia of the seminal 

vesicles a nd pros t ate 

Germ cell maturation defects and 

tub ular deg e neration 

Sperm motility defects 

9 



Infertility 



Infertility (M) 



Infertility 



Infertility 



Infertility (F); 
Subfcrtility (M) 



Infertility 



Subfcrtility 



Infertility 



Infertility 



Infertility 



Subfcrtility 



Mostly lethal 



Infertility 



Not reported 



Infertility 



Infertility 



Infertility 



Infertility 



Infertility 



174 



175,176 



177 



I7X 



179,180 



131 



182-184 



185 



186 



186 



187 
188 
" 1 89" 
"190" 

"l9| " 

192 
~193~ 

194 



195,196 
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jvotonco^cne) 



Scavenger receptor, 
class HI 

ASrhf) 

Scrpina5 (Serine 
proteinase inhibitor A 
5; P rot ein C i nhibit or^ 
SH2-B 



Smad I (MAD Iiomolog 

l;M aMI) 

SmadS (MAD homolog 

5; MadhS) _ 

Sp4 trans-acting 
transcription factor 



Spam I (sperm adhesion 
mole cul e) muta tions 



Sperm- 1 



Sperm mitochondrion- 
associated eysteine-rieh 
prote in (SMCP) 



Spermatid perinuclear 
RNA-binding protein 
(Spnr) inscriiona] 
mutation 



SPOII homolog 
(Spoil ) 



Steroid 5a-rcd ucta.se 
type 1 (S rd Sal) 
Steroidogenic acute 
regulatory protein 
{St ar) 



Siyx (phosphoserine/ 
threonine/tyrosine 
jntc nicjion p r otein) 



Superoxide dismulasc I 
(Sod I) 



SycpS (synaptonemic! 
complex protein 3) 



Tqf-ib (TAK4B RNA 
polymerase II, TATA 
box binding prolein- 
associutcd factor; 
TAR1 105) 



TATA-binding protein- 
lik e prot ein (77/;; 



Female 



Male 



Both 



Both 



Both 



Male 



Female 



Male 



Male 



Mule 



Both 



Female 



Both 



Male 



Female 



Both 



Female 



Mate 



Defects in oocyte maturation and early 
embryo development due to abnormal 

lipopr otein metabo lism 

Sertoli cell destruction 



Males have small testes and reduced 
sperm count; females have small, 
anovulatory ovaries with reduced 
n umbers ojjcyelo ping fo ll icles 
Developing embryos lose PGCs 



Developing embryos lose PGCs 



Defects in reproductive behavior 



Sperm defects in hyaluronic-acid 
binding 



D efect in h a plpid sper m functio n 

Defects in sperm motility and migration 
into the oviduct; defects in fertilization 



Defects in seminiferous epithelium and 
spermatogenesis 



Defects in meiosis; oocytes lost soon 
afte r birth 

Defects in parturition 



Males have female external genitalia; 
both sexes die of adrenocortical 
insuffic ie ncy 



Defects in round and elongating 
spermatid development 



Kolliculogcnesis defect; failure to 
maintain p regnancy 



Defects in chromosome synapsis during 
meiosis; germ cell apoptosis in males; 
embryonic loss in females due to 
qneuplo idy 



Defects in follicular development, 
oocyte maturation/fertilization 



Po.st-mciotic spcrmiogenesis block 
j[de fective a cr osomc f o rmation i n early 



Infertility 



Infertility 



Subfertility (M) 
Infertility (F) 



Lethal 



Lethal 



Infertility 



Subtertility 



Subferti lity_ 



Subfertility and 
Infertility 



Subfertility 



Infertility 



Infertility 



Lethal 



Infertility 



Subfertility 



Infertility (M) 
Subtcrtilily (F) 



Infertility 



Infertility 



197-199 



200 



201 



202 



203 



204 



205 



206 
207 



208 



209,210 



211,212 



213 



214 



215,216 



217,218 



219 



220,221 
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Telomerusc reverse 
transcriptase (Tart) 



'f'hcg {kisimo) 
(Tra nsjjcnc integra tion) 



Thyroid stimulating 
hormone (3 (Tshh\ 

Jiyt /hyt) mutant 

7"k/// (cytotoxic 
granule-associated 
KNA binding protein- 

jike ; Jj_ 



/>//>/ (transition protein 
U) 



Trip! (transition protein 

22 

Tumor necrosis factor 
type I receptor 



Uhe2h (E2B ubiquitin- 
Conjugating enzyme; 
HR6B ) _ 



LJbiquitin-likc DNA 
repair gene HR23I* 
{Rad23b) 



Ubiquilin protein Hgasc 
K3A ((/Ac?J^; [-6-AP 
ubiquitin protein ligase) 



Ubiquilin protein ligase 

seven in absentia I A 
_jSia hJg) 

VASA homology/*./;' 

DEA!> box polypeptide 
i)_ 

Vitamin D receptor 

{Ydr) knockout 



Voltage-dependent 
Anion Channel Type 3 

( V<Jac3) 

Wilms tumor homolog 

mo 



Wip] (p53-induccd 

ph ospha tase) 

Wingless-related 
MMTV integration site 
4 ( WnH) 



Both 



Male 



He male 



Both 



Male 



Male 



Female 



Male 



Mule 



Both 



Male 



Male 



Both 

Male 

Both " 
Hvialc ~ 
Female 



st age sp e rmatid s) 



Progressive infertility in both sexes; 
females have few oocytes and uterine 
a bnorma l ities 

Abnormal elongated spermatids! " 
a stheno s permia 



Hypothyroid; females show continuous" 
dioestrus, and poor response to 
^ojiadot ropin-i n duced superoyulation 
PCCs lost by El 3,5 



Abnormal chromosome condensation, 
sperm motility 



Abnormal chromosome condensation 



Enhanced prepubertal response to 
gonadotropins; early ovarian senescence 



Alterations in sperm chromatin 
structure, an incomplete mciolic arrest, 
abnormal sperm m orpholo gy 



Most knockouts die during development 
Or shortly alter birth; surviving mice 
have multiple abnormalities and male 
ster ility 



Testicular hypoplasia, defects in 
spermatogenesis and prostate gland 
development (M); ovarian hypoplasia, 
defects in ovulation and uterine 
d evelopm e nt (F) 

Block in spermatogenesis and germ cell 
apoptosis; failure to complete transition 
to t elophase o f mciosi s 1 



Defective proli Icration/difTcrcntiation 
of PGCs 



Defects in estrogen biosynthesis in 
males and females; elevated serum 
gonad o tropins 



Irnmotilc sperm; axonemal delects with 
sperm maturation 



Gonadal agenesis 



Kunting and testicular atrophy 



Ovnrics depleted of oocytes; Mullerian 
duels do not form 



Progressive 
Infertility 



Infertility 



Infertility 



Infertility 



Stibfcrtility 



Subfertility 



Subfertility 



Infertility 



Variable 
lethality; 
infertility 



Subfertility 



Partially lethal; 
Infertility 



Infertility 



Infertility 



Infertility 



Lethal 



Subfertility 



Infertility 



222 



223 



224 



225 



226 



227 



228 



229 



230 



231 



232 



233 



234,235 



236 



237 



238 



239 
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Wntla 



Zfx (Zinc tinker protein 
X-Iinkcd) 



Zona peliucida protein 



Z P 2 



Zp3 



Both 



Boih 



Female 



Female 



I Female 



Females show abnormal development" 
of oviducts and uterus; males do not 
have Muller ian du ct rc&r cssion 



Reduced germ cell numbers; males have 
reduced sperm, but arc fertile; females 

subfertile 

Defects in fertilization 



Fragile oocytes with defects in 

dev elopm e ntal co mpetence 

Frag i le oocy tes 



Infertility 



Subfertilily (F) 



Subfcrtility 



Infertility 



Inferti lity 



240 



241 



242 



243 



244,245 
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